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The Army is studying methods of protecting sensitive
electronic equipment against electromagnetic pulse
(EMP) and radiofrequency interference (RFI) events.
Part of this work focuses on metal arc-spray techniques
as a potentially low-cost alternative to traditional
EMP/RFI protection. Arc-sprayed metal coatings have
been used for several years in different applications;
however, little is known about the physical and electrical
properties of these coatings. A better understanding of
these properties would allow spraying parameters to be
optimized, ensuring the most effective coating at the
lowest cost.

In this study, aluminum, aluminum bronze, copper, low-
carbon steel, 13 percent chrome steel, nickel, nickel
chrome, tin, and zinc were sprayed onto paper and
aluminum foil substrates using the two-wire arc-spray
process to determine the physical and electrical charac-
teristics of these materials when sprayed on ordinary
rooms composed of common construction materials.
Zinc was found to be the most economical material and
produced the least amount of substrate degradation.
Quantities observed include: deposition efficiency; size
of conductive area formed; size of opaque area formed;
thickness required for opacity; and radius of curvature of I,
a free-standing coating at fracture.

Simple models were used to calculate: (1) the minimum - -'
radius of curvature to which a free-standing coating of
given thickness could be bent without causing fracture;
(2) the maximum possible droplet temperatures from
power input considerations; and (3) the maximum stable
droplet size at the source based on spraying pressure
and surface tension. Several Y the coatings were also
assessed using scanning electron microscopy (SEM).

Approved for public release; distribution is unlimited.

8 .... 174



UNCLASSIFIED

,--, Ri T ,AS , !iCATION OF rTIS PACE

Iform *Apj',O'e
REPORT DOCUMENTATION PAGE n,8 >o 04, 188

1 t lr D.e iun JO ?986

tI I CAkN I ti ( Tpi " 11, 1 1NI

QC,T y t~ A 'ON A.T F'OR' Tv 3 Di)rR BU'-N AVAILAR:LT'( OF $REPORT

7A 7 77,NGRA )iNG scET Approved for public release;
distribution is unlimited.

,)R \ A ZA ON REPoRT NJMBER(S) S MONiTO'RNG" OQCAIIZA' 11 POR N V8BE 5

LS,,CI.R TK M-89/15

K>j -) PERFORNIOu OP(32'A 0%. 611 OFffct, SM80. 7a NAmi Oi- v0ON ICR!%G ORCAI 221' 0%N

U.S. Arny Construct ioii tingr

Research I.aboratorv CEC Ei -- EN
6c A:?"R S5 C.r., State and Z'oXItoe) 

1
b ASrj Cty r11 .4r'd ZtP(,Xie)

P.O. Box 6005

Cham aiv__ . __" R '4

4. %' D C %.SC i1, "- ' TO- e 9 PRO(jREMEN' PCMt', .OCNT J.N N ZER

!!(i'SACEI

A D N, . -ate drd ZIPCode) 10 cOuRCE OF urNONi,, i,,MBERS

:{ '- ssachiLc r t-ts Ave, NW.O'AM I PR ECT 7.%S, O " -

EIMh NC, NO NO A0N 3C "Wshin5gton, PC 2)31 4A]62734 AT41 CO 054

(!n(luOe Security Ciazstfwjt,oni

Arc-Sprayed Coatings For Electromagnetic Pulse Protection: Assessment of Physical
and Electrical Properties (Unclassified)

:f ;¢Sr, NAL ATHUR(S)

Savage, Howard S. and >IcCorpiick, Ray G.
13a OF POR' 3b TIME COVERED.:) . -ATE O__ " FR ORT Year Month, Day) 

15 PAGE 
C O

UN
T

Final j > I 1289. Sert-einpr
'6 ,, Pp , 'a - , A

Copies are available from the National Technical Information Service, 5285 Port Royal
Road, Springfield, VA 22161.

C 'OSA , ( LES 1 S, :FCT 'RMS (Contnue on reverse it necessary and identify by block number)
; ',oup , arc spraying coatings -

_09 T __ electromagnetic pulses
radiation shields

'0 AiS'RAc Cnntnue on vwerse I necessary and identify by block number)

The Army is studying methods of protecting sensitive electronic equipment against electromagnetic pulse (EMP)
and radiolrequency interference (RFI) events. Part of this work focuses on metal arc-spray techniques as a
potentially low-cost alternative to traditional EMP/RFI protection. Arc-sprayed metal coatings have been used
tor ,everal %ears in different applications; however, liulc is known about the physical and electrical properties of
tich" c,mtings. A better understanding of these propertics would allow spraying parameters to be optimized,
ensuring the most effective coating at the lowest cost.

In this study, aluminum, aluminum bronze, copper, low-carbon steel, 13 percent chrome steel, nickel, nickel
chrome, nn, and zinc were sprayed onto paper and aluminum foil substrates using the two-wire arc-spray process
to determine the physical and electrical characteristics of these materials when sprayed on ordinary rooms
composel of common construction materials.' Zinc was found to be the most economical material and produced
the least amount of substrate degradation. Quantitics observed include: deposition efficiency; size of conductive
area lormed; ,ize of opaque area formed; thickness required for opacity; and radius of curvature of a free-standing
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Simple models were used to calculate: (1) the minimum radius of curvature to which a free-standing coating of
given thickness could be bent without causing fracture; (2) the maximum possible droplet temperatures from
power input considcrations, and (3) the maximum stable droplet size at the source based on spraying pressure
and sura,:ce tens;ion. Several of the coatings were also assessed using scanning electron microscopy (SEM).
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ARC-SPRAYED COATINGS FOR ELECTROMAGNETIC PULSE PROTECTION:
ASSESSMEN'T OF PIIYSI(:AI. AND F.I.E("! RICAI. PRO'')RTIES

I INTRODUCTION

Background

Electromagnetic shielding of structures is achieved bv surrounding the volume to be shielded with
a mechanically and electrically continuous conductiVe material. The U.S. Army Construction
Engineering Research Laboratory (USACERI.) has conducted long-lenn research into military
applications of electromagnetic shielding, which include:' (1) protection of sensitive electronic
equipment from external interference; (2) prevcntion of compromising emanations from equipment
processing classified information; and (3) shielding sensitive and strategic electronics from the effects
of electromagnetic pulse (EMP). Electrical conductivity of the shielding material is the single most
important parameter affecting the shielding effectiveness of a structure; regions of low electrical
conductivity or discontinuity such as joints, cracks, and seams contribute to reduced shielding
performance.

Typical shielded structures have been constructed by bolting or welding metal sheets, panels, and
modules. Bolted structures tend to provide a lower degree of shielding than all-welded structures. The
leakiness of bolted structures arises from the mechanical joints where oxides inhibit electrical continuity
of the joint. Electrical discontinuities at the joints of bolted structures arc aggravated by surface and
shape imperfections in the joint materials and the buildup of corrosion prducts with time due to
normal atmospheric corrosion of the materials. Bolted construction also can be expensive and provides
only limited flexibility for retrofitting existing structures with EMP shielding. Welded structures tend
to provide a high degree of EMP shielding because metallurgical joining of the metal sheets at the joint
ensures complete mechanical and electrical continuity. Welded structures for EMP protection are
material consumers because the sheet thickness required for good weldability is in excess of that re-
quired to provide adequate EMP shielding. Welded construction tends to be expensive but provides
more flexibility in retrofitting existing structures for shielding than do bolted structures.

Plastic is most often used to manufacture housings for electronic equipment due to its low material
and fabrication costs relative to metals. However, plastics and many other common low-cost
con.struction materials lack the inherent EMP shielding properties of metals. Metal-arc spraying has
become an accepted technique for imparting shielding properties to plastic housings at a low cost;
spraying room-size structures of standard or low-cost construction materials to impart shielding is a
logical ctension of this successful technology.'

The arc-spray process in simplest form consists of bringing together a pair of consumable wire
electrodes to form an arc and then propelling the resulting molten metal from the wires onto a substrate
using a stream of compressed gas or some other mechanism. Although the arc-spray operator has a
degree of control over some of the spraying parameters (e.g., wire feed rate, arc voltage, wire
composition), there is a much larger number of dependent and independent variables, all of which

P. Nielson, Electromagnetic Shielding of Full-Sized Structures by Metal Arc Spraying, Technical Report

M-332/ADA132883 (U.S. Army Construction Engineering Research Laboratory [USACERL1, August
1983).
1P. Nielsen.

9



interact to affect the properties of the deposit. At present, little is known about the Clik,,ct 01' these
variable, onl Coating qual1i Lv.

I-or LIP shicldm no(f construction miaterials, it is important to knoA h ow depositi r piaranmeters
at tct he eectIca nd physrical porteofh cating as well as the interfarce between the cotn

aind the .ubsi rare, [or pract ical shielding, applicatrjons, it is desi rable to form a mxi atCOndu1ctiVe
are wi th all accept able dc pos itionliciri B,,, undc rstand ing how these parameters i nflLucrIC e r

coatUing deposited. ,pra'iin, :onditions c:an be ol',inrixed to prodace the best shieldine. at the lowkest
re,-la t ive cost

Oh.j C Ii Ne

The ob jectives ,) %\-r k wvcrk t'Ot\sta rJ l no propteriics ot en r
s'prd\ cd coain rigs to [ r veePtlAl k1,-1 O i appli) catjen lit iltd nrdihi~ xsirucll-l'\- 1ta*CaiI
F \1P and reAited ph-c onwllna. The )CJ:I. e>Of' this ,kcr\ en- to: 1 determ in tie ' h -)f
thealie metal w itis are -nrcrally) suli tI( or spra'. ig onto organic c'ituionlmtaas

* 2deeni~e 1'.~'lof0 the ckintroll~thie V"pt \ PXrreesrtrc ipOperties -,! ilhe uoi
an1,-~rx tlcet's o.som of the ourof 0 ptbe :vie rarnrItc~s ori the str,;xure of !Ilc

.i'd r~ucat i~i)Cscannilng CiCtro!tic-k '('-V (S;_.%"

All tests. %kerc, iuut!i-as t I SACERL. The sku(1\, proceeded iv toilows:

LZinc was -pra vl. uisiri a iar-e n)UMher (), van r )tis in spraiying- parameters, onto graph paper
sustatssupported w ith mnasonite to determine 1te effects of' t-he spraying paiarnecters on deposit

propeties. Thiis inlermiationl was assessed to dCLetcrir[, whlich trends in the spraying parameters
pRodulced ai! Optimal deposit with minimral substrate degradatil-n.

2. The information on trendis inl spraying parameters for deposit optimization was extended to the
ethe r test materials when spraying them ointo graph paper substrates for deposit evaluation.

1 Seea tterrtrials were sprayed Onto ailuminum foil concurrently with spraying (into
gzraph paiper for SFM observation.

-~Several materials wecre sprayed onio brick and qualitatively cvaluoted for pr-foniance.

" Inc w'as Sprai\ e (into a sences of' lo% -cost construction mtaterials and qualitatively evaluated.

Scope

'I hiN s( stud Vt en i ned only s:ome of- tLic itrt ions between controll able :rrc-spraN ii g parameters
anid the nature of the deposit for coatings sprayed onto paper substrates with no relative motion
betwAeen the spray gun and thle substrate. Metals sprayed were limited to aluminumn, aluminum bronze,
copper, low-carboti steel, nickel, nickel -chromi um, 13 percent chromium steel, tin, and zinc. Use of
controlled relative motion between the source arnd stubstrate, if it had been available, wkould have
obscured somne of* the results that were obained without it.

I ()



Mtode of Technology Transfer

A'c spray in] shielding applications was demonstrated successfully as part of the FY88 Facilities
Icchnolog-\ Application Test (FIAT) program (which has now become the Facilities Enginecering
Applications Program IFEAPI . Two rooms targeted for TEMPEST protectoi, werc arc-sprayed wAith
/ic .11 I'or [)cvcns. MA (a technical repoi-t is ini preparation.) From thc demonstration, it is
-mticipatcd that the U.S. Anny Corps of Engineer'. kUSACE will adopt this shielding approach for
som1Ic applications. Information gathered in [his study will be used in preparing appropriate guidance
tor implementing arc-spray technology in the field,- It xill ultimately be incorporated into Fchlnical,
M\lanua! 5-5-5 ectrornag'n eic -Pulse Protection, which is being revised. Further, this infomnation

ill serve as a kncwledve base for an o)ng (oing, study into relative motion bet% cen spra\ source 2Ind
Nuh,'strate.



2 EXPERIMENTAL. PROCEDURE

Technology OMer, jew

lcrnalls p ' dc ie have becn us-d tor mnjjiv vecirs in applications such as corrosion and
lf car prci entoni hoA C\ er. onl\ in the past fewv years hssignificant interest grown in applying
tl'inaalv sra\ cd coatings to radiot'requcncy interferer'ce (RFl)/ccromagnetic interfrr-ence (EMI)

* hildillg. 'Thermal srNngin general consists of "eating the mnaterial to be deposited to a1 suitable
temper.,Lure mli theni projectin.-k i; onto the substra 'te. Denosition over large substrate areas is achieved
bs ret all \ke Jm!tiojof the sprayC source, and the substIratc using- a process sirmilar to spray -pain! irg.

I he arc -r procePR'ss UsC5! a, pair I- (i ,rcs ho-t 0 is rlsto sitpa1l hat an. I as source mailterial
to be nrojected onto tlie suh~trate by a stican w a r -sdXS othe mechanism. i'I 511 flcht~5

!0I arc Pra\ ira ' 'On)S!"is oT U hrinciogtwo lec r.l ogtlLher to strike an arc and h!ast ne_ ,he
ih ~ ~ oci hoi NYe a tream to propel dropt irIc n m aI 0he 01 i vres as they are melted.

1m- w i at ae'm uion pa-xnt trs include: soaii'prc:,sirL: etas N~trcam velocity;., wijre teed pres.Aure
v.c cc rit', iru volta-c. a-,c current wpo~i e , spr. Ivn hitw , btrate surface rehcs

I rn'mn c>'mer of .>prax pattern, substrate matc-til, traverse speed, intrriraverse distance, spra\ ing
4,stlfl armbient "as composition, humn iec. d:2 point, elastic constants of w Tire, Irictionl

i, kth hiandiiirie assemaibly. spraying gas tenleiur2 ubstrit temperat~ure, substrate surface
, nsand~ subs trate thickness.

On e of the ooals, oi this ';u vas to de te on nethe ol s 'c t sh parameters on the deposit's
propertics. Coatin,; characteristic:s oi iinterest 'Were.* size 01 conductive area formed; size of opaque
a.rea tornned: thicknes.,s 0oati required far opaic t\, ,tak: ol residiiud5 sis in, the coating; depositi an
c:i cicnc:, and relative Si/e oif the cond1uctive anTd opqeareas.

E: pcr imentiat

Appar~luu

The are-sprayer unit used to deg ,:;tt the coatings tested in this work is a TAFA mnodel 375 hand-
held arc sprayer gun with a TAFA model 30.SA powei supply. The power supply is rated at 'S V.
2001 amops,, 'or NY) percent dluty cycle. The maximum1 open circuit voltage is 39 V. A 0. 159-cm-
iiincter electrode/wire source material is supplied fromn spools mounted on tire power supply. The

wrsare driven by a clamping geair-t-pe device litikedl [, an air motor in the sprayer gun. The
sprajer Unit was modified to allow the user to spray either comairessed air or arn externally supplied
gais a1s propellant.

No suitable device was avadahle for producting controlled, reproducible relative motion between
the sprayer and the substrates, io it was (decided that coatings would he sprayed at a fixed point on
the ,ubstrates . Spra\ ing at a fixed point allows observation of the variations in coating structure and
deposit;on rate with distance tra)m the spray cenwer which would not be as visible if relarive motion
betwxeen the :ourcc and subs trate were used.

As noted in Chapter 1, ;cvcral of the are-sprayed coatings were examined by SEM. The
'Aai pMfcri used in tho0SC evaluatiens was an Am rayi model 1610 ()canning electron rmicroscope.



Materials sprayed as coatings for this study included: zinc, aluminum bronze, low-carbon steel.
13 percent chrome steel, nickel, aluminum, tin, copper, and a nickel-chromium alloy. These metals
were in the form of 0.159-cm-diameter wires supplied on spools by the manufacturer of the sprayer
unit. Zinc \%ire was sprayed first :uid most extensively to develop trends since it is relatively
inexpensive and easy to obtain.

Subsrrat'f

Graph paper and aluminum loil were chosen as the primary substrate materials. The substrates
were held in place durIrng spraving by using binder clips to mount them to a masonite backing sheet.
Graph paper &,is chk scli as a suhsta,e material for several reasons:

1. The ultimate goal of the proces:s optimization study for which this work was done is to
Jk'po q. b h\ a autom.ted process, continuous conductive films onto the walls of ordinary rooms to
provide E\II/RlI shielding. Vhis means that the process must not cause charring or excessive thermal
dgradation of painted or paer-covered plasterboard and other surfaces. With paper substrates, it is
p, .,rle to directOy observe the thermal effects by looking at the back side of the paper.

Graph paper ha, grid as that provide a convenient locational reference for some of the
::a>u remeot.. h,at were made on the coatings.

3. Graph paper is nonconductive so as to provide minimal interference when making electrical

measurements of the coatingz.

Graph paper is translucent, which allows coating pinhole porosity to be observed.

5 Unused graph paper has a consistently clean surface that requires no preparation.

Aluminum foil was chosen as a substrate material for the following reasons:

Aluminum is electrically conductive so as to provide an electrically continuous coaling/substrate
couple to minimize charging effects during SEM observation.

2. Foil has a consistently clean surface that requires no preparation.

3. Aluminum has a higher melting point than zinc; thus, melting of the aluminum foil would give
, ,c indication of the depositing material's temperature.

4 ,-ouminum foil is ductile enough to provide a record of particle impact without requiring the
parti(:ic to stic k.

Sub.tra:. fayed with zinc for adhesion testing included: masonite, plasterboard, fiberglass

,acilin1,, r - and ceiling tile.

I),'positi n Par:. Y

A long i ;t or possible deposition and coating property variables was compiled (see the Appendix).
T hose considered relevant to this study are described under Spraying Conditions below.

13



STangt Cotlitions

Although the number of possible variables during spraying is very large as noted above, many are
not independent and only a few are in the range of practical operator control. The variables determnined
to have a noticeable effect onl the nature of the deposit in this work included: wire feed pressure.
spray pressure, arc v'ollige. spray distance, sprayinug iffe, spraying gas composition, wire composition,
substrate composition, substrate surface preparation, substrate geometry, temperature, arid droplet size
onl impact with the substrate. Typical values of spray distance were 15, 30, 46, 61, 76, and 91 cm.
Individual sets of conditions for the various materials sprayed were given labels such as ASxxxx
whecre AS indicates "sprayc I with air" and xxxx is at character- code related to a specific set of
conditions . '[he se labels wecre tssigencd to faci 1 tate daza in an ipfiiticon.

A1bIir'lt Pv crrcv

Deposited Mass. The mass deotdonl Gdi surkaco .va derenn ed hy suhtracting tile mlass of
an unoddsubstrat~e Vrom that of a coated SITs1 oe.

Dep~osi-t Effiic.iency. The deposit efficwienc:y w as calculated by dividing the depositedL ma s bV theC
i, of mnaterial :prayed. The mnass of miaerial sprayved \\ as determined in miost ca-ses by spraying

1-, 1 ic!t ) er2-ths of wire and thcn suoi ractini- :a las, of the material rem ai ning in the gun aftr
a:(%Ak res 1 Ica be ed olyI Up t(, the wi-c dni % ci s ri hat of the nii~enif length of Fir.

Radius of Couduch'. :!v. The im-i "radius o-- conduictivity" wvas developed to descibe a
cajiractensutc dimension of die cond'ot lye area for, icd i'o the sprayved co )ating. The conductive area

vd..s mapped with an ohmme-ter h% probing for a centet-to-edcee rcsistancc- off I ohm anid then plotting
Jiui point ken another piece of' graph paper (the cO.AilS A-cre sprayed on graph paiper of the same size
to tpif hc locationi of coordinat.:s) Froml the map of the boundary poinits, the coordinates of the
toi.r niest extreme poii,:.> in the x and di ree ionrs were averaged to give at center point. From the
center point, thie (listanec- to eac:h of the extremc points ascalculatcd and averaged to give the "radius
of coriduetiVit\ ." One, ohm was: chosen as a convenie:nt refeCrence- value for three reasons:

1. The conta(_t resistance and mecasuremnit n !'e Or the nhmmete'Lr probes w&as, onl the order of
reeihof an ohm for most of the coatings.

2.Beyond the I -ohim radius, dhe resistance of' the coating-, rises rapidly to infinity, often over
l 'tnc -fJust A few mnillimecters.

3.Within the -i-ohm radius, the resistance of the coating drops rapidly int the minimum
i;1CJSLremc:n, range of 0. 1 -ohm contact resistance--aigain, often over distances of just at few iimetncers.

It should be nm cci that these values are on lyv representative of' tie stationar-y conditions usecd in
i ikig ili.;se coatinugs: the use of relative motion between the substrate and the sprayer and/or a

1u0nnonii at inci(Icnck will i:reati v affect thesec values.

kladin'- of Qm-,iis 'Ih(c iad: u of' ol'aca ly was termed to de~scibe the characteristic dimension
,11t1, ai gio m at qapears free of pero,.ity to the unaide:d eye. The boundaries of' the region were
de~ttrmtI ed h% ptacing the coatingi'substi-atc (graph paper) conipos ite onto a light box and locating the

pol>closest, to (the spray center through v.%hich light passed. The spray pattem is usually nnot round.
'11w ni ax onuMi , and v widths were thus addedl and divided hn 4 to give the average ''radius of

I a i;'"hic i allow-ed' meaningful comnIptISous wkith the radius of conductivity. C

(2rac it% Thickness. The term "opacity thickness" was developed to describe the characteristic
itnethick ness iit Ohe Point of' t ransi tiotn fronm an optically, porous coating to an opt ically vdense
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,.,;a:ing at a dist.ancc of one radius of opacity from the spray center. The opacity thickness was taken
as the average of the four thicknesses measured with a paint thickness tester at the points used to
determine the radius of opacity.

Bend Testing. Bend testing was conducted to determine the radius of curvature necessary to cause
fracture of a free-standing coating of given thickness. The coatings of known thickness were wrapped
around mandrels of various diameters and the diameter of the mandrel that caused fracture was noted.
The mandrel set used was model MG 1412 manufactured by Gardner Laboratory, Inc. Mandrel
diameters were: 0.3175, 0.4763, 0.6350, 0.7938, 0.9525, 1.1113, 1.2700, 1.9050, and 2.54 cm. A
simple model was developed to predict the minimum radius of bending that a free-standing coating
could withstand without ruptunng. The model makes hree a-umptions: (1) the coating is of uniform
thickness, (2) the mid-thickness of the coating experiences zero strain, and (3) the coating ruptures
when the outside radius is such that the strain is equal to or greater than a critical value "e." From
the assumptions and geometry, an equation for the critical bending radius, r, in terms of the coating
thickness, t. was derived:

r = t(1-ei2c IEq 11

Wire Feed Rate. Wire feed rate was measured to determine the effects of wire feed pressure. "ire
composition, and bending of the wire feed tubes on this rate. Measurements were made by shutting
off the arc voltage, rotating the feed tips slightly so that Jhe wires would not intersect, setting the spray
pressure at 0.414 MPa, allowing the wires to feed for a fixed period of time (30 see), and measuring
the length of wire fed so that a rate could be determined. It should be noted that at wire feed
pressures above about 0.483 MPa, noticeable loading of the air supply system occurred and it was
necessary to have an assistant interactively adjust the wire feed pressure regulator to maintain the
desired pressure.

Maximum Droplet Temperature Calculation. A simple model was developed to determine the
maximum possible temperature of the sprayed droplets. Assumptions of the model include: (1) there
is no oxidation reaction and (2) all power in the arc is used to heat the metal. Typical spraying
parameters of wire feed rate, arc voltage, and arc current for each of the metals sprayed were used
in the calculations.

Maximum Stable Droplet Size Calculation. The maximum stable droplet size was calculated from
surlace tension characteristics by assuming: (I) instability occurs when the applied external pressure
exceeds the internal pressure due to the surface tension, (2) no oxidation reactions occur to modify the
droplet surface tension, (3) the droplets have a spherical shape, (4) the pressure of the spraying gas acts
only on the upwind side of the sphere such that the pressure on the downwind side of the sphere can
be assumed to be zero (the pressure is a gauge pressure so the downwind gauge pressure is zero), and
(5) the temperature of the droplet is the melting point of that particular material. The internal pressure,
p (dynes per square centimeter), in the droplet due to the surface tension is given by:

p = 2T/r [Eq 2

where T is the surface tension in dynes per centimeter and r is the droplet radius in centimeters.

Setting the internal pressure equal to the spray pressure (I psi = 68947.6 dyne/cm2 ), the maximum
stable droplet dimension can be calculated as r = 2T/p. This value varies rapidly with spraying
distance since the spraying pressure declines rapidly with distance from the nozzle and the effective
pressure acting on the upwind side of the droplet varies as the droplet is accelerated and approaches
the velocity of the spraying gas stream. The surface tension for most materials decreases with
increasing temperature aboxe the melting point; this property indicates that superheating of the droplets
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will cause the maximum stable droplet size to be smaller. The calculation assumes static conditions;
during subdivision in actual spraying, the melt viscosity will have a significant influence on the results.

Consumption Calculations. The power required to spray I cm 3 was calculated from the typical
spraying parameters for that material (voltage, current, and wire feed rate). This number does not
reflect the deposit efficiency, which decreases with increasing spray distance. The material cost per
cubic centimeter N~as calculated using prices quoted from TAI-A for 22.67 kg quantities of the materials
on spools.
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3 RESULTS AND DISCUSSION

The test results and a discussion for individual coating materials are presented for each type of
wire evaluated. Similarities, differences, and general trends for all materials are summarized in Chapter
4.

Aluminum

Deposition Parameters

Aluminum was sprayed at 25 V, 200 amps, a wire feed pressure of 0.552 MPa, and a spray
pressure of 0.414 MPa with air as the spraying gas (AS22).

Deposited Mass

The deposited mass was not measured. The high temperature of the depositing material burned
holes through the paper and aluminum foil substrates. In one case for which aluminum was deposited
successfully onto aluminum foil, the masonite backing material was badly charred. From these
observations, it appears that aluminum arc-sprayed with air would not be a suitable shielding method
since its application degrades organic materials on the surfaces to which it is applied. Oxidation of
the droplet surface in flight probably inhibits droplet deformation on impact and thus inhibits adhesion
to the substrate by (1) intimate contact between the moltcn metal and the substrate and (2) restricting
mechanical interlocking between the droplets and the substrate topography. Because of the burning
observed, the following tests were not completed: deposit efficiency, radius of conductivity, radius of
opacity, opacity thickness, and bend testing.

SEM Observations

SEM images were not as clear as they could have been; there was definite evidence of charging
effects due to the presence of an insulating oxide film on the surface of the particles. Several
observations were made for aluminum sprayed onto aluminum foil at 15 cm:

1. At small droplet sizes, droplet topography is not strongly influenced by the substrate
topography. This finding is possibly due to the relatively small area that can be covered by the small
droplet compared with the size of the substrate features and the relatively large restraining tendency
of an oxide film and surface tension on a small droplet. The rapid cooling (surface area-to-volume
ratio) and smaller total heat capacity of the smaller droplets may also have an effect.

2. At intermediate droplet sizes, the droplet topography is influenced by the substrate
topographv. The surfaces of the droplets appear to mimic (poorly) the features of the substrate surface.

3. At large droplet sizes, the substrate topography is influenced by the droplet; localized melting
under a significant portion of the dropict occurs.

4. The "lateral breeze" caused by air escaping from the spray center has a significant effect on
the topography of some of the droplets deposited at about 5 cm from the spray center. Droplets in
this region have microscopic edge features pushed radially outward from the macroscopic spray center.
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5. There is a distinct "halo" visible on the substrate in the region surrounding widely spaced
droplets. The exact nature of this halo is not known at this time; however, some possibilities include:

9 The substrate is scoured locally by contact with the molten metal during droplet splattering.

9 The shock wave associated with particle impact somehow disrupts the surface locally.

9 Localized heating of the substrate by the molten droplet enhances atmospheric oxidation.

* The presence of the deposited particle causes a localized fluctuation in the "lateral breeze,"
thus reducing abrasion to the region by solidified particles carried in the airstream.

* The effect ma' be due to some combination of the above possibilities. Auger depth profiling
in and away from the haloed regions would probably be the easiest way to interpret this
finding.

Wire Feed Rate Measurements

Wire feed rate was measured during the tests and the results are listed in Table 1. In the table,
i-tF" indicates that problems were encountered when feeding the wire. With aluminum, the spools

wer, fairly full and the presence of slack in the system near the spool often caused loops of wire to
come off the spools. This problem was aggravated most by high wire-feed rates. A major
improvement to the system would be to add some mechanism to dampen the jerky motion of the
spools; perhaps some type of magnetic damping system similar to the ones used on fishing reels would
be appropriate. In the events of bad feed on only one side, the measurement was not repeated and the
average values are multiples of the length fed by one side.

The wire feed measurements show that the left side almost always fed slower than the right side
and that the difference between the two was greatest for the b (bent) condition. The greater difference
in the bent condition was due to the geometry of the sprayer unit which causes the left tube to have
a smaller radius of curvature than the right; this condition leads to increased friction between the wire
feed tube and the wire. The measurements clearly show that there was a significant difference between
the wire feed rates in the straight and bent conditions at a given value of wire feed pressure. For a
typical wire feed pressure value of 0.552 MPa during spraying, the difference was about 24.5 percent
of the straight-tube value. Actual wire feed rates during spraying could reasonably be expected to be
at some point between the two extremes.

M imum l)roplet Temperature Calculation

For the typical aluminum spraying parameters of 25 V, 200 amps, and 80 psi wire feed pressure
(about 35.56 cm/sec total ft/min), there are about 16.97 kcal of heat available for each mole of material
being sprayed. It takes 4.287 kcal to heat I mole of aluminum from room temperature to its melting
point and 2.57 kcal to melt 1 mole of aluminum at 931 K. This leaves 10.11 kcal available to heat
the liquid to 2375 K. This high temperature relative to the burning point of paper (about 500 K) and
the melting point of aluminum explains why the arc-sprayed aluminum burned through paper and
aluminum foil substrates and charred the masonite backing board. The strong tendency for aluminum
to oxidize exothermically probably further increases the maximum possible droplet temperature.
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Table I

Wire Feed Rate Measurements for Aluminum*

Meters Meters
sfp (MPa) Left** Right Hose*** avecm/s tavecm/s

0.6206 4.90 5.11 b 16.69 33.38

0.6206 6.31 6.31 s 21.03 42.06

0.5516 4.41 4.71 b 15.21 30.43

0.5516 6.03 6.05 s 20.13 40.28

0.4827 BF 4.38 b 14.61 29.21

0.4827 5.54 5.55 s 18.48 36.98

0.4137 BF 3.56 b 11.85 23.72

0.4137 4.99 5.00 s 16.66 33.32

0.3448 BF 3.01 1) 10.03 20.07

0.3448 4.60 4.61 s 15.35 30.68

0.2758 BF 2.11 b 7.03 14.07

0.2758 3.90 3.92 s 13.04 26.06

0.2069 0.69 0.84 b 2.56 5.13

0.2069 3.01 3.04 s 10.07 20.17

0.1379 0 0 b 0 0

0.1379 2.00 2.02 s 6.70 13.41

0.1034 0 0 b 0 0

0.1034 1.44 1.45 s 4.81 9.60

0.0690 0 0 b 0 0

0.0690 0.74 0.75 s 2.49 4.98

0.0345 0 0 b 0 0

0.0345 0 0 s 0 0

* wfp = wire feed pressure; avecms = average cm/sec for each wire; tavecm/s = total average ft
cm/sec of wire consumed during spraying.

** BF = bad feed.
***b = bent; s = straight.
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Mactimuz Stable Droplet Size Calculation

The maximum stable droplet size for aluminum was calculatcd for several spray pressures
assuming a surface tension valuc of 860 dynes/cm. At 0.1034 MPa, r is 1.66 x 10' cm. At 0.4137
MPa, r is 4.16 x 10' cm. At 90 psi, r was 2.77 x 10' cm. The value for surface tension was taken
from the CRC Handbook of Chemistry and Physics.3

Consumption Calculations

The energy consumption was calculated to be about 7.1 kJ/cm3 (1.97 W-hr/cm3 ). The material
cost was $5.41/kg, which is about $0.0146/cm3 .

Aluminum Bronze

De,oAition Parameters

-\luminum bronze was sprayed at 25 V, 3,00 amps, a wire feed pressure of 20 psi, and a spray
pr-!rc of 0.6206 MPa. Air was used as the propellant gas. Holes were burned through the paper
,uid aluminum substrates at a spray distance of 15 cm; therefore, the opacity thickness and bend tests
were not conducted. However, substrate survivability was increased at larger spray distances.

Deposited Mass

The deposited mass in grams for aluminum bronze (AS16) coatings sprayed onto graph paper was
determined for each spray distance. The value of zero for a spray distance of 15 cm indicates that a
hole burned through the graph paper and that the weight of the material deposited on the periphery of
the hole was less than the mass of the paper removed in creating it. Results are as follow:

Spray distance (cm) 15 30 46 61 76

Deposited mass (g) 0.0 3.73 2.23 0.84 0.13

Deposit Efficiency

The deposit efficiency was calculated using a value of 27.29 g for the sprayed mass. The results
arc as follow:

Spray distance (cm) 15 30 46 61 76
Deposit efficiency 0.0 0.14 0.08 0.03 0.01

Radius of Conductivity

The radius of conductivity (ROC) for aluminum bronze was determined for each of the spray
distances; the values arc tabulated below. From these data, it can be seen that, as the spray distance
increased, there was a tendency for the coating to become electrically discontinuous.

R.C. Weast and M.J. Astle (Eds.), CRC Handbook of Chemistry and Physics, 63rd ed. (CRC Press,
1982-83).
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Spray distance (cm) 15 30 46 61 76

ROC (cm) 2.5 4.2 3.9 0 (

Radius of Opacity

No radius of opacity was measured. The sample sprayed at 30 cm would have had a sizable
opaque area (still less than the ROC) except for the porosity at the center of the deposit. The sample
sprayed at 46 cm showed pinhole porosity throughout.

SEM Observations

SEM observations wcre maic on a multilayer (multipass) coating that delaminatcd from a brick
substrate due to thermal stresses and on tie material sprayed at 15 cm. For the material sprayed at
15 cm (stationarv), SEM observations seemed to indicate that aluminum bronze coatings fracture
without large amounts of plastic deformation. The failure mode. even veiy near the spray center.
appeared similar to the delamination observed in the zinc coaiing:s distant from the spriy center.
Observations of the delaminated material indicated that there was some tendency for delamination to
occur between individual layers of the coating during fracture. Observations of the sample's back side
showed that the coating conformed very well to the topography of the brick and, when delamination
occurred, there was a tendency for particles to !,c pulled out of the brick and remain embedded ii the
unuerside of the coating.

Wire Feed Rate Mcsurements

Wire feed rate was measured and the results are listed in Table 2. Difficulties with wire feeding
the aluminum bronze were miimal. The difference between wire feed rates for the bent and straight
conditions at a given wire feed pressure were smaller for the aluminum bronze than for corresponding
conditions in the aluminum wire tests. The wire feed rate for the aluminum bronze with the feed tubes
bent was faster at all wire feed pressures than for the aluminum wire in the bent feed tubes at the same
wire feed pressures. As in the case of (he aluminum wire, the right side fed faster than the left, with
the difference being more visible at higher wire feed pressures and using the bent condition.

Maximum Droplet Temperature Calculation

Suitable thermodynamic data to do the calculation on this alloy could not be located. The lesser
burning of graph paper by this material compared with the aluminum is probably a good indication that
hcaling of ihe droplets by exothermic oxidation was not as significant.

.laxirnum Stable Droplet SiZe Calculation

The maximum stable droplet size was not calculated because surface tension data for the alloy
were not available.

Consumption Calculations

The energy consumption was calculated to be about 31.1 kJ/cm-3 (8.04 W-hr/cm 3 ). The material
cost is $11.58/kg which is about $00910/cm.
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Table 2

Wire Feed Rate Measurements for
Aluminum Bronze*

wfp (MPa) Left (m) Right (m) Hose** avecm/s tavecm/s

0.6206 6.63 6.44 b 21.34 42.67

0.6206 6.92 6.95 s 23.11 46.23

0.5516 6.01 6.07 b 20. 13 40.28

0.5516 6.55 6.58 s 21.88 43.79

0.4827 5.61 5.64 b 18.76 37.49

0.4827 6.05 6.07 s 20.19 40.39

0.4137 4.93 5.03 b 16.60 33.17

0.4137 5.49 5.51 s 18.33 36.68

0.3448 4.52 4.55 b 15.11 30.23

0.3448 4.84 4.85 s 16.15 32.31

0.2758 3.21 3.22 b 10.71 21.44

0.2758 3.80 3.82 s 12.71 25.40

0.2069 2.37 2.39 b 7.94 15.90

0.2069 2.95 2.96 s 9.851 9.71

0.1379 1.54 1.55 b 5.15 10.31

0.1379 2.03 2.03 s 6.76 13.51

0.1034 0.91 0.91 b 3.05 6.10

0.1034 1.42 1.42 s 4.74 9.50

*wfp = wire feed pressure; avccm/s = average cm/sec used for each wire; tavecm/s = total
average cm/sec of wire consumed during spraying.

**b = bent; s = straight.
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C'opper

Copper wa,, sprayed at 25 'V. 160) amps, a wire feeId pressure of 6.1379 MIPa psi, and a spraN
pressure o1 0.44 s MPa psi with air as the ,,pra~in1, gas For copper wire, there appeared to be a
maximum wire feed rate: spraying above this rate caused the arc to be discontinuous due to sliding
conta'ct bct~cen thle wires. Thcl( power cables to the spraN~er were observed to jerk often as thle arc was
established and extirlOIihel. inIdic:ating' that the pea vaies of current existing during, spraying wcrc
ini exes of thc I160 amps, rca(1 onl the meter.

Dilficultv Aas exeiac A ith spraying shurt, fixed i.cueths of A ire, this problem resulted in
,hort lengtis of wire heiir'- h urne d off witrhout bc iq nielted. FIo Spray a control led length, the wkire
%kas marked with respect to a fIxed iteference point on 0.spay, The wire was then w'ound hDa
onto the, blk spool bet ore pav An assistant wea r,,(ii red during spraying to shut do\N th,
s;prayer wAhen the mrark rLAe~hed d1r rete iencc, poiint. 'lik p.roccdurc made it p )s:ihle to spray at fixed
lenet,'h of material.

Bunited holes It, the pliper suhstrateCs 11 'lrr Ir.1M A t:'c 15 and 310 em)' also %k e a proble..

011(k)in ooalum inuni lill a, 15 em, createu a 'iol al;-''! 25 em in dianieter near the spray, center,
anid i.mr u,, rvn itclr rlenerat:0f5 '-)!I largIe drok)T)ets, in the surnoundingt deposit. Spraying onto
alunirlmum tl i[ at -46 cm pnluCed nunrerot,. solall Pe01r. ;ons throughout the deposit. Sprayinrg onto
brick deposited a rcenrvadherent .oaling on :e cegeae Surface. In one small region, thle
ena),ting, spal led and the erar ot C'," recmainling cu anig surrounding this region indicated residual
tensile stress in the coatine_. Several bumps uip to ahoui 0 .3 cm diameter were visible on the brick
suirface indicating in:omnplete: melting of the wire duringT spraying. Due to these problems, opacity
thickness was not determined for this material. In addition, no bend tests were conducted.

I)'[ noSited ii a

The dcrxosited mass in grants fo~r coatings sprajye( onto graph paper was determined and is shown
below. The low deposited miass at 15 and 30 cm- occurred because holes were burned in the paper
at these spray di tanccs. Caprper appeared to ,tdhorc well to the foil Substrates; however. thete was

IMIC~at~n ! 01 fol b dt'opier', eve n at large : pray (listances (18 cml).

Spray distance (cr1i) 15 30 46 61 76
D~eposited miss (g 0.95 .12 3.19 1 .37 0.27

LOupoit t'irv

I he, deposit etcfhcv was calculated using a valine of 34.06 g for the sprayed mass. The results
appear below. F rom these data, it can he seen thait thc: deposit efficiency of copper onto graph paper
is poor.

Spra% distance (emi) 15 10 40 61 76
Deposit eflicienecv 0. 03 0.06 0. 1 I (0(04 0. 01

'I le ROC for are-sprayed ca,-pper was deterinend for each (f the spray distances as listed below.
Even though holes were bunted through thle suhstrates, valuies were measurable at short spray distances
because a continuous conductive film had formed around thle holes.
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Spray distance (cm) 15 30 46 61 76

ROC (cm) 2.8 3.2 3.7 0.6 0.0

Radiut of Opacity

None of the coatings sprayed onto paper were completely opaque. The coatings sprayed at 15
and 30 cm had large holes due to burning away of the substrate. The coating sprayed at 46 cm had
pinholes and a hole about 0.3 by 0.4 cm, possibly created by a projected piece of partially melted wire.
Pinholes were also observed in copper sprayed onto aluminum foil. The material sprayed onto a brick
appeared fully opaque; however, it was not possible to verify this by light transmission.

SEAM Observations

Fracture of coatirngs sprayed onto brick and aluminum foil indicated that failure was largely by
delamination between individual panicles which occurred without extensive plastic deformation.

Wire Feed Rate M,'asuremesnt

The wire feed rate was measured (Tahie 3 These data show that. in the pressure range used for
s" aving (wfp = 0.1379 MNPa), there wiis a diFfference o! aoeut a factor of 3 in the wire feed rate for
,ac nent and straight conditions. That explains the difticultv encountered in optimizing the spraying
conditions. it probably would have been better to spray copper using a higher capacity power supply
,hat could handle the lar,,e transient currents ,lurin.i_. actual arcing so that a higher wire feed pressure
could be used, making operation less sensitive to wire lcd tube bending. Another alternative would
be to modify the wire feed mechanism to ensure a constant wire feed rate, regardless of the wire feed
tube bending.

Mabtimum )roplet 7emperature Calculation

For the typical copper spraying parameters of 25 V, 16C amps, and 0.1379 MPa wire feed pressure
(about 8.12 cm/sec), there are about 42.255 kcal of heat available for each mole of material being
sprayed. It takes 7.037 kcal to heat I mole of copper from room temperature to its melting point
and 3.11 kcal to melt I mole of copper at 1356 K. It takes 0.339 kcal to heat the molten copper
from 1356 K to its boiling point at 2868 K. So far, this accounts for 14.456 kcal of the available
energy; the rest is used to create vapor at 72.8 kcal/mole of vapor at 2868 K which results in 0.38
moles of vapor and 0.62 moles of liquid at 2868 K. In actual practice, the radiation and thermal
conduction to the surroundings would be very significant at the temperatures of molten copper, so that
boiling of the material probably would not be observed.

Maximum Stable Dropler Size Calculation

The maximum stable droplet size for copper was calculated for several spray pressures bN
assuming a surface tension value of 1350 dynes/cm. At 0.1034 MPa, r was 2.61 x 10' cm. At
0.41,7 Ml3a, r was 2.61 x 10' cm. At 0.6206 NMPa, r was 4.35 x 10' cm. The value for surface
tension was taken from the CRC Handbook of Chemri.stry and PhYsics.

Con.umption Calculations

The energy consumption was calculated to be about 24.88 kJ/cm 3 (6.91 W-hr/cm'). The material
cost 6.29/kg which is about $0.0561/cm.
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Table 3

Wire Feed Rate Measurements for Copper*

wfp (Ml1a) Left (m) Right (m) Hose** avecmI/s tavecm/s

(.000 5.68 h. h 19.66 39.32

0.6206 6.0 .3 r. ;S s 22.18 44.35

p5516 3.5 5I.62 h 18.28 36.58

0.551e0 6.18 6.2. 20.69 41.40

04827 4.88 5.1 h 16,67 33.27

S4,827 5.73 5.78 19.18 38.35

(,.41-7 4.19 4.48 b 14.48 28.91

0.4117 5,27 5.31 s 17.63 35.26

;-.3448 f)9 b 11.98 23.98

0.34 8 4.56 4.60 , 15.26 30.53

0.275h 2.57 2.73 b 8.83 17.68

0 275, 3.78 3.84 s 12.70 25.40

() 20)6) 1.77 1.85 b 6.(4 12.09

0.2069 2.81 2.84 s 9.41 18.80

0. 137', 0.47 0.51 b 1.63 3.25

0. 13 M 1.65 1.67 s 5.54 11.07

0.1034 0 0 b 0 0

0.1034 0.93 0.95 s 3.13 6.25

* wfp = "ire feed prcssurc avccm/sec =averagc cm/scc used for each wire;

td,cfpn = total average cm/sec of wire consumed during spraying.
h b I ni; s = straight.
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Iron (Low-Carbon Steel)

Bend testing, ROC, radius of opacity, ana opacity thickness were not performed for this matcrial.

Deposition Parameters

Low-carbon steel wa s sprayed at 25 V, 200 amps, a wire feed pressure of 0 3448 MPa, and a
spray pressure of 0.4137 MPa with air as the spraying gas (AS17). This materii was zprayed onto
both graph paper and brick substrates. Burning of the graph paper at a 15-cm spray distance was
obserixed and very little of the mass of material sprayed was deposited onto the substrates at large spray
distances; it appeared that much of the iron was burned by the air jet before it could be deposited at
large spray distances.

Material sprayed at low thicknesses onto brick appeared to be very adherent; material sprayed at
high thicknesses delaminatcd in a manner indicating strong residual tensile stress in the coating. The
dekminated material had large amounts of the substrate (brick) material embedded in its back surface.
Substrate failure due to thermal shock during spraying was evident at the corners and edges of the
brick, it Aouid he reasonalle to assume that thermal stress played a significant role in the substrate
f:i: i.re associated with delamination of the thick deposits. Burning of the deposited coating was

,:xed for shorn spraying distances. This burnimg appeared to be promoted by the air jet and the
coaiing struciure. The material deposited on the brick had a dark bluish-gray appearance. Red rusting
.It fingerprints was evident after 4 months' exposure to an office environment.

Deposited Mass

The deposited mass "as measured and the results were:

Spra% distance (cm) 15 30 46 6176
Deposited mass (g) 0.0 0.18 0.0 --

Deposit EfJicienvy

The dcpo,,t efficiency for low-carbon steel was calculated using a value of 27.36 g for the sprayed
mass (see results be;ow). These data show that the deposition efficiency for low-carbon steel was very
low. 'Ihe use of an inert spraying gas may have improved this situation by reducing the metal's
,ondcncy to be oxidized by the propelling gas.

Spray distance (cm) 15 30 4o 6176

Deposit efficiency 0.0 0.01 0.0 --

Radia, of ConductivitV

The ROC was not measurd because the coatings deposited onto the graph paper substrates were
not electrically continuous. Ohmmeter probes of tlc material sprayed onto brick indicated that ihe
coating was electrically conductive; however, the contacting resistance was high--on the order of 0.3
to 0.4 ohms for the low-carbon steel coatng compared with 0.O to 0.1 ohm, for zinc coatings. From
this result, it appears that low-carbon steel coatings sprayed in this way would not be suitable for
applications requiring electrical continuity through mechanical contacting of the spraycd surfaces.
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la, du, of OIpacitv

1 hc rad iis ol opacity was not measured. Thick portions of coating that spallcd off (ie brick
substrate were observcd to have pinhole porosity.

Opacit, thickness was not observed for iron sprayed onto graph paper; however, measurements
of the material sprayed onto brick indicated that it must be about 30 litm (microns) or more.

NLtI Oh.ervoti, "1..'

SEM observations wcr, made on a piece of the material sprayed onto the brick surface.
Sig1ificant obscrv:ations include:

1. Thcre wa; a very fine structure in the back surface not seen in the front surface A hich was
possibly due to contact with tie brick surface; howxcver, it was not noted on the back surface of other
ni.1_rials that were sprayed ol brick and observed.

2. Tie coating appeared to fracture by delaminalion between particles and by brittle fracture of
:;anh particles with very little evidence of piasti deformation. Particle fracture must have occurred
,oni CWh1t explosively (similar to bending a piece of plastic until it shatters into several pieces) since
small fragments of material were observed on the fracture surface.

3. There was some evidence of delarnination between individu:d layers during deformation and
fracture.

4. Low-magnification inspection of the back surface indicated good conformation of the coating
to the substrate suriface topography.

5. Even though the low-carbon steel is heavily oxidized during spraying with air, there does not

appear to be much of a problem with charge buildup on the surface during SEM observation.

Wi'ire Fe c Rate ,casur'tncntx

Wire fcd rate was m...., fer the low-carbon steel wire. The results are listed in Table 4.

NIa.xntwn Droplet Temperature Calculation

In addition to the assumptions described in Chapter 2, for the low-carbon steel wire, it was
as:umed ,hat the carbon content is so low that the material can be treated as the thermodynamic
equivalent of pure iron. For the typical iron spraying parameters of 25 V, 200 amps, and 0.3448 MPa
wire feed pressure (about 31.50 cm/sec total), there is about 13.61 kcal of heat available for each mole
of material being sprayed. It takes 6.053 kcal to heat I mole of iron from room temperature to the
1033 K alpha-to-beta transition temperature and 0.410 kcal to transform it to beta. Another 1.529 kcal
is needed to heat I mole of beta iron to the 1180 K beta-to-gamma transition temperature and 0.217
kcal to transform it to gamma. It takes 4.501 kcal to heat I mole of gamma iron to the 1673 K
eamma-to-dcla transition temperature and 0.150 kcal to make the transition. So far, this process has
used 12.86 kcal, 'caving 0.75 kcal available for further healing. Heating I mole of delta iron to the
180S K melting point requires 1.390 kcal and melting requires 3.860 kcal/mole. The remaining heat
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Table 4

Wire Feed Rate Measurements for Iron (Low-Carbon Steel)*

wfp (MPa) Left (m) Right (m) Hose** avecm/s tavecm/s

0.6206 6.31 6.37 b 21.13 42.27

0.6206 6.87 6.88 s 22.93 45.87

0.5516 6.15 6.20 b 20.57 41.15

0.5516 6.48 6.48 s 21.59 43.18

0.4827 5.73 5.77 b 19.16 38.30

0.4827 6.07 6.07 s 20.23 40.49

0.4137 5.25 5.28 b 17.55 35.10

0.4137 5.52 5.54 s 18.42 36.88

0.3448 4.64 4.65 b 15.49 30.99

0.3448 4.91 4.91 s 16.38 32.77

0.2758 3.94 3.96 b 13.17 26.31

0.2758 4.15 4.15 s 13.83 27.69

0.2069 3.06 3.09 b 10.25 20.47

0.2069 3.38 3.38 s 11.26 22.50

6.1379 1.97 1.98 b 6.58 13.16

0.1379 2.32 2.32 s 7.73 15.44

0.1034 1.40 1.40 b 4.66 9.30

0.1034 1.66 1.66 s 5.55 11.07

0.0690 0.30 0 b 0 0

0.0690 1.05 1.05 s 3.53 7.01

*wtfp = wire feed pressure: avecm/scc = average cm/sec for each wire;

tavecm/s = total average cm/sec of wire consumed during spraying.
**b = bent: s = straight.
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available canl onik brine- thle material to 1746 K, which is below the melting point. For iron-carbon,
the beginning of thle mielt /one can be depressed to 1746 K by adding about 0.3 weight percent carbon
to thle iron, wxhich k pushing the upper limit for tie carbon content of "low carbon steels." In truth,
the melting temperature w&otld have to he further depressed by larger additions of carbon to supply the
energ\ for meliting- and to place the material far enough into the two-phase field to allow droplet
lk0,r11ation. in addition to accounting for beat losses to thle e nvironment during spraying. Evidently.
c\xothiermic oxidation of tile iron by the propelling air provides a major portion of the energy required
for mecltiire the riietal as it is sprayed. This finding implies that, when are-spraying low-carbon steel

wih air as thle spray gas. tile actual material being, deposited is a mixture of' iron and iron oxide.

~Alatnuoli O7b~ roril t Size Ca kiLla1tUon

The maxiium stable drope ,i! tr low-ca rbon ;!ec] was calculated for several spray preSSIfe
%aluesx bV !asSUTTilh_ a surfaice ICuISion _illue Of 1880 dvnesA'cm At 0.1034 MPa, r wkas 3.64 x 0> Cm.
.\t 0.327 NIPa. r was '.09 x 1 0- t:. .-Vt ().'06 NI Wa, r wkas 6.06 x 10" cm. The value for sur 'ace
tefl )n used wa&s that lor pure ;ion ;:ke) -ron 03re CRC J1iunbim k Chenzistr-, Ird Phv~i,

oltrifp tiufl Cut,

ihe cn,:re \ v consuni ptin w~as oaei.~ hC aboui kO( UJ/cmn (2.23 W-hr/c] ). The rmaterial

S'i.Y)7ik %k hich is $0.031I3/cnm.

13 A~rcent ChlromeQ S!tte (ASC L

Thc 3l percent chronie steel v~as, sprayed att .3 V. 175: amps, a wire I"Ced pressure of 0.2758 NlPa.
an,, a spray pressure of* 0.4 137 MPa with aiir as the spraving gas,.

f3'poifed .Al;s

The idepo~ited maswas noi measured. Ttic high temperatures associated with spraying this
n! tcri.,l .audcd Lhei ap pape r sub.,trates to agieee t a spray distance of 76 cm. Clearly, this
h;:irria would! not be suitable as a shielding material for direct spraying onto organic construction
natcr~iiR or :,oreanic niate.rials coated with oo'-anics such as paint. For this reason, the f-ollowing tests
wcre:r itt run: deposit ebff;ency. ROC(, .adius of opacity, opacity' thickness, bend testing, and SEM

Tlhc w.ire tced raite was measured for I.3 percent chromec steel and results are prcsented in Table

WJo wmivn [)r!.)'t /&nnperatrirc (al Hulotit

No suita~c ht. henod krnt ic data were located for doing this calculation.

Iftkiun '44ihI~Ib' Oo t iC (alculaion')

Thre ian a um stble droplet suec was not calculated duec to lack of' availahil itv of' surfae tension

(ljta av ,ilahlc lor the alloy.



Table 5

Wire Feed Rate Measurements for 13 Percent Chrome Steel

wfp (MPa) Left (m) Right (m) Hose** avecm/s tavecmls

0.6206 5.67 5.93 b 19.33 38.66

0.6206 6.53 6.55 21.80 43.59

0.5516 5.70 5.80 b 19.18 38.35

0.5516 6.08 o.10 s 20.30 40.59

0.4827 5.21 5.30 b i7.51 35.00

0.4827 5.77 5.78 s 19.25 38.51

o.4137 4.85 4.90 b 16.26 32.51

0.4137 5.30 5.32 s 17.70 35.41

0.3448 4.26 4.31 b 14.29 28.60

0.3448 4.76 4.78 s 15.89 31.75

0.2758 3.76 3.80 b 12.60 25.20

0.2758 4.11 4.13 s 13.74 27.58

0.2069 2.87 2.90 b 9.61 19.20

0.2069 3.34 3.35 s 11.15 22.30

0.1379 1.84 1.85 b 6.14 12.29

0.1379 2.19 2.20 s 7.32 14.63

0.1034 1.11 1.12 b 3.72 7.47

0.1034 1.52 1.52 s 5.08 10.16

0.0690 0.08 0.08 b 0.25 0.51

0.0690 0.72 0.72 s 2.41 4.83

* wfp = wire fecd pressure; avecm/s = average cm/sec used for each wire;
tavccm/s = total average cm/sec of wire consumed during spraying.

** b = bent; s = straight.
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Consumption Calculations

The energy consumption was calculated to be about 8.4 kJ/cm' (2.33 W-hr/cm'). The material
cost $7.83/kg, which is about $0.0615/cm'.

Nickel

Deposition Parameters

Nickel was sprayed at 25 V, 225 amps, a wire feed pressure of 0.3103 MPa, and a spray pressure
of 0.4137 MPa with air as the spraxing gas (AS23).

Deposited Mass

The deposited mass was not measured. The high temperature of the depositing material burned
holes through the paper substrates out to a distance of 61 cm. An aluminum foil substrate sprayed at
46 cm had a hole approximately 6.4 cm by 8.9 cm burned in the spray center and several smaller
holes of at least 0.3 cm diameter burned in the surrounding foil. The smaller holes were probably
made by incompletely melted pieces of wire projected from the sprayer. Apparently, this material
would not be suitable for spraying on organic construction materials. Therefore, the following
propcrties were not observed: deposit efficiency, radius of conductivity, radius of opacity, opacity
thickness, bend testing, amd SEM observations.

Wire Feed Rate Measurements

The wire feed rate was measured for nickel wire and results are shown in Fable 6. The data
show that wire feeding for nickel followed the same trends observed for the other wires. At an
operating pressure of 0.3103 MPa, there was about a 20 percent difference between the bent and
straight conditions in wire feed rate.

Maximum Droplet Temperature Calculation

For the typical nickel spraying parameters of 25 V, 225 amps, and 0.3103 MPa wire feed pressure
(about 25,4 cm/sec total), there were about 17.65 kcal of heat available for each mole of material being
sprayed. It takes 2.398 kcal to heat I mole of nickel from room temperature to the 626 K alpha-to-
beta transition temperature and 0.092 kcal to transform it to beta. Another 8.947 kcal are needed to
heat the beta nickel to the 1728 K melting point, plus 4.21 kcal to melt the nickel. So far, 15.647 kcal
have been used and the remaining 1.978 kcal are available to heat the melted nickel to 1945 K. The
high temperature and high melting point of nickel account for the substrate burning observed.

Afttxitnum Stable Droplet Size Calculation

The maximum stable droplet size for nickel was calculated for several spray pressure values by
assuming a surface tension value of 1770 dynes/cm. At 0.1034 MPa, r was 3.43 x 103 cm. At 0.4137
MPa, r was 8.56 x 104 cm. At 0.6206 MPa, r was 5.70 x 10' cm.

Con mption Calculations

The energy consumption was calculated to he about 11.2 kJ/cm3 (3.11 W-hr/cm3). The material
cost $24.16/kg, or about $0.2149/cm3 .
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Table 6

Wire Feed Rate Measurements for Nickel*

, (M.'n~r) RAght (m. Ilose** avecmins tavecmis

0.6206 5.26 5.33 b 17.65 35.31

0.6206 6.31 6.31 s 21.04 42.06

0.5516 5.03 5.09 b 16.86 33.73

0.5516 6.06 6.06 s 20.19 40.39

0.4827 4.80 4.81 b 16.02 32.05

0.4827 5.64 5.64 s 18.80 37.59

0.4137 4.33 4.36 b 14.48 28.96

0.4137 5.10 5.11 s 17.02 34.04

0.3448 3.75 3.77 b 12.53 25.04

0.3448 4.52 4.52 s 15,07 30.12

0.2758 3.01 3.04 b 10.07 20.17

0.2758 3.85 3.86 s 12.85 25.70

0.2069 2.11 2.12 b 7.05 14.12

0.2069 2.90 1.08 s 9.67 19.35

0.1379 1.08 1.08 b 3.60 7.21

0.1379 1.78 1.78 s 5.93 11.84

0.1034 0.32 0.32 b 1.06 2.13

0.1034 1.12 1.12 s 3.72 7.47

0.0690 0 0 b 0 0

0.690 0.127 0.13 s 0.42 0.86

*wfp = wire feed pressure; avccm/s = average cm/sec used for each wire;
tavecm/s = total average cm/sec of wire consumed during spraying.

**b = bent, s = straight.
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Nickel-Chrome

Deposition Parameters

The nickel-chromium alloy was sprayed at 25 V, 230 amps, a wire feed pressure of 0.3448 MPa,
and a spray pressure of 0.4137 MPa. Holes were burned through the graph paper substrates at spray
distances up to 76 cm. A large hole some 8.9 cm in diameter was burned in the aluminum foil
substrate at 46 cm. There were many smaller holes of about 0.1 to 0.3 cm diameter in the region
surrounding the large hole. Apparently, the high deposition temperature of this material makes it
unsuitable for coating organic materials. Therefore, the following tests were not performed: deposited
mass, deposit efliciency, ROC, radius of opacity, opacity thickness, bend testing, and SEM observations.

Wire Feed Rate Measurements

Wire feed rate was measured for tmh nickel-chromium alloy. Table 7 reports the data.

Ma.iimivm i)rotplht Temperature Calculati(,n

No sui~ahl.' thermodynamic data were iocated to do th, calculation on this alloy.

tI., num Stabl! Droplet Size Calculation

The maximum stable droplet sizc was not calculated because surface tension data for this alloy
are not available. The nickel-chrome droplets deposited on the surface of the aluminum foil appear
to be slightly klrger than those in the nickel test.

Co;. _q ption Calculations

The energy consumption was calculated to be about 11.5 kJ/cm ' (3.19 W-hr/cm3). The material
cost S2 I."2/kg, which is about $0.1705/cm3 .

Tin

Opacitv thickness was not measured fbr tin. In addition, bend testing was not conducted.

[)cposition P'arameters

Tin was sprayed at 25 V, 75 amps, a wire feed pressure of 0.5516 MPa, and a spray pressure of
0.4137 MPa with air as the spraying gas (AS18). The wire used for tin spraying was available only
in 0.t1981-m size as opposed to the 0.1588-cm-diameter wires used for spraying all the other metals.
Spraying tin produced a cloud of yellow smoke which was much more irritating to the operator than
the fuics associated with spraying other materials such as zinc. Spraying at large distances tended
to produce a duposit having a yellowish color. Also, tin wire is almost too soft to handle. The
feeding problems were more frequent than with any other metal sprayed. Problems included: (I) wire
breaking between the spools and wire drivers caused by the resistance to supply spools' turning and
(2) pileup of thc wire in front of the wire drivers due to debris in the sprayer tips. However, the wire
was easy to remove from the tips--unlike the case for which zinc pileups occur, because the zinc wire
fuses to the sprayer tips.
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Table 7

Wire Feed Rate for Nickel-Chromium Alloy*

wfp (MPa) Left (m) Right (m) Hose** avecm/s tavecmls

0.6206 4.78 4.78 b 15.93 31.85

0.6206 6.23 6.25 s 20.80 41.61

0.5516 4.38 4.45 b 14.71 29.41

0.5516 5.66 5.68 s 18.90 37.80

0.4827 3.95 3.99 b 13.24 26.47

0.4827 5.30 5.30 s 17.66 35.31

0.4137 3.35 3.38 b 11.22 22.45

0.4137 4.80 4.81 s 16.01 32.06

0.3448 3.07 3.23 b 10.49 20.98

0.3448 4.24 4.24 s 14.12 28.24

0.2758 2.44 2.60 b 8.40 16.81

0.2758 3.70 3.73 s 12.39 24.79

0.2069 1.79 1.86 b 6.09 12.19

0.2069 2.88 2.90 s 9.63 19.25

0.1379 1.00 1.02 b 3.38 6.76

0.1379 1.64 1.64 s 5.47 10.92

0.1034 0 0 b 0 0

0.1034 1.04 1.04 s 3.46 6.91

0.0690 0 0 b 0 0

0.0690 0.56 0.56 s 1.86 3.71

*wfp = wire feed pressure; avecm/s = average cm/sec used for each wire;
tavecm/s = total average cm/scc of wire consumed during spraying.

**b = bent; s = straight.
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1)q),), Itd 11(1,,s

The ,', ,ited mass in grams for coatings sprayed onto graph paper was determined. A low value
occurrcd at 1 5 cm because a hole \%.,s burned through the middle of the substrate and the area of paper
'111d tin wa, lost. )posited mass results for tin (AS18) were:

Spra. dtance cm) 15 30 46 61 76

Deposited mass (g) 5.05 14.2 6.89 3.44 0.93

DeJposit LjJ1iCLPZ

The deposit efficiency was calhu!:ittd using a value of 37.36 g lor the sprayed mass. The results
were:

Spray distance (cm) -5 30 46 61 76
Deposit efficiency 0. 14 03 0.19 0.09 0.02

Rkdi4 ,." of Cnd'uctivitv

The ROC was determined for each spray distance. Values were:

Spray distance (cm) 15 30 46 61 76
ROC (cm) 5.41 5.92 5.64 5.46 3.51

Radius of Opacity

The radius of opacity was not measured. AE coatings sprayed at 30 cm or farther had pinhole
porosity throughout. The coating prayed at 15 cm burned a large hole in the spray center of the
substrate.

SE, Observations

No SEM observations were attempted: however, visual observations were made. Significant among
these observations were: (I) the bubbly central regions present only at 6 in. for the zinc coatings (see
the next scction) persisted to a distance of 61 cm with the tin coatings: this result is probably strongly
related to the lower melting point of tin, (2) at a spray distance of 15 cm, the molten layer built
sufficicnt thickness on the substrate to be blown out of the center by the laterally deflected air stream;
this finding supports the possibility for radial motion of depositing particles at the substrate surface
under the influence of a "lateral breeze" (Figure 1).

Wire Feed! Rate Measurements

Wire feed rate measurements were abandoned due to difficulties with feeding the wire. With tin,
having the feed tubes straight rather than bent made the difference between the wire feeding or
breaking. In the case of 0.6206 MPa wire feed pressure with the feed tubes bent, the wire in the left
tube broke at the start and the right wire fed 5.50 m within 30 sec.
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M4Linnum L)r .plet Tenpcrature Calculation

For the typical tin spraying parameters of 25 V, 75 amps, and 0.5516 MPa of wire fccd pressure
(about 40.64 cm/sec total), there were about 5.715 kcal of heat available for each mole of material
being sprayed. It takes 1.439 kcal to heat I mole of tin from room temperature to the 505 K melting
point and 1.690 kcal to melt it. This process leaves 2.586 kcal that heat the liquid to 859 K.

Maximum Stable Droplet Size Calculation

The maximum stable droplet size for tin xas calculaled for several spray pressurc values hy
assuming a surface tension value of 560 dynes/cni. At 0.1034 MPa. r was 1.08 x 10' cm. At 0.4137
MPa, r was 2.71 x 10' cm, and at 0.6206 MPa, r was 1.80 x 10' cm. The value for surface tension
is that for pure tin from the CRC I!andhiok of (thwmistrv and PhYsics.

CoSUnmption Calculations

The encriy consumption was caiculat.?J to be ahout 1.47 ki/cm' MA.-11 W-ir/cni). Tho material
cst 32. ,._,,2 . or $0.2368/cm 3.

I NOZZ

A; ,' S7 T 7 A

SUBS TR-ATE

Figure 1. "Lateral breeze" generation which gives rise to droplet motion parallel to the
substrate surfatces at locations away fromn the spray center.
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OcpI( situ 'n Pi'raitners

A wide range of deposition parameters was used for spraying zinc because it is the Metal which
is arc-sprayed most often. The data from sprayed zinc was analyzed to observe trends that could bc
used to minimize the time required to find the optimal spraying parameters For the other materials
spra~ed. Table 8 lists the deposition parameters for ,cstit). this material. Wire lengths indicated with
a Yi' such as [H5 or t0, aire, actually approximate spraiig times in seconds. The "times' were
monitored by lightning counts (one thous and one, one thousand two, etc.) so the absolute valu,- of' the
data from, these coatnes has significatit error; howevecr, the Lcneral trends should be valid. Coatings:
done by, timing were spool IbJ1, so that the actual current during spraying may have differed fromn tha'.
registered duringl- the setup due to t,,c effects that heerding, the wire feed tubes had on thec wire rleed
ratie. Coatings fornlld usine c:ut 1c.n'ethls o!, wire u.,e.l thc ire feed spools; therefore, the actaial wire
feed rate and current diiri ng spravin u, were highJer thlan the \Zdlucs 11t ed II thcL 1*1Cl.

File deou I!e...l 'Xas era1sw det errianeC1 d Oi SL021C a pn- Onto graph pape~rr TY-le 9y
w\? vire! for 46 emIl i thle average ot svis\ nls.' AIR vaIlue for 46 cm is the average ot

ti\c samllple4.

'lre c t1 As ol ziile sprr~lug Conditions or- deposited iass 'ITe sullfnar]Zed below.

1. Deposited mnass d-creased v ith increa.,ing spray dk.tanee A reasonable explanation for this
observation is that some parin:Cs solidi fy in '1 i chl whdse traveling the sourcc-to-substrate distance and'
are ret ler:tcd from the substraie. The probabiliy of the_ pai-ticle cooling before impact increases with
inerca\srng source-to-substratle diilanc"e. Smaller particles should cool first since their surface area-to-
va ime ratio r',. ereater than aati of a hLarger panilcic.

2 Deposited mass increased with increasing spray time.

c. Dreasime tlic arc voltarec during sprZavyie tended to decrease the deposited mass, especially
'I! lor,., di tnrrces. A rcasonahtlc explanati(;n tor thlis is, thait, at reduIced voltage (aind hence reduced
currentl arid totafl power I, superheating of the moltcn droplets by thle arc is reduced and, therefore, thc
p:roea hilily that they will sol'difv in flight andl he reflemcd Ifr om tie substrate increases. Another
explan.-aeri is that, at high po\5 er arnd the same gas flow rate, the spray gas can be heated to a higher
tern [\ ~t:ro~r, thus reducine, the c:ool inrg rate of' the droplets being conveyed by it.

4. Reducing sprayingl pressure tended to increase deposit mass at large spraying distances. A
realson aIble explana tion br this finding is that, at a given temperature, a molter; metal has a specific
surfatce tension. The spraying pressure Muts work to overcome this surfarce tension in formino a
tiroplot from the mrolteni metal. A higher spraying pressure can formn a smaller droplet while a lower
spratying press.ure requires thai a larger dIroplet be formed before it canl be pulled from thle melt. This
condition indicates that tile average drepic! size will increase with decreasing spray pressure and, since
a larger d ropler is more Ikevto remaiin mnolteni andl adhere to thle substrate at longer spraying
(listaices. the deposited miass a( iar% e spraying distances should increase with decreasing spraying
press ure. Reducing, prax pressure ilso reduces tire volumec of' gas to be heated by the arc.

5 trnicasimne wi re teed rate Inc reased tile de posi tcd mas1 s at shlort spraying distances. A possible
cxplarratam for rthis findin ' is that. at higher wire feed rates, the hecat of the arc must penetrate more
iliilrl~at to be mectcd: thr; reSin ts in less suiperheating of tle nmelt. The lower melt tenmperature
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Table 8

Spraying Parameters for Zinc Tests

Wire
Zinc wfp* Spray Length

Condition Volts Amps (MPa) (Mpa) (cm) Gas

ASI 21 100 0.4137 0.6068 15 air

AS2 21 100 0.4137 0.6068 t4 air

AS3-2 21 100 0.4137 0.6068 t2 air

AS3-4 21 100 0.4137 0,(068 t4 air

AS -8 21 100 0.4)37 0.6068 18 air

AS3-16 21 100 0.4137 0. 063 16 air

AS4-2 17 100 0.4137 (.-482 t2 air

AS4-4 17 100 0.4137 0.4482 t4 air

AS4-8 17 100 0.4137 0 .4482 t8 air

AS4-16 17 100 04137 0.4482 16 air

AS5-2 23 140 0.4137 0.6068 t2 air

AS5-4 23 140 0.4137 0.6068 t4 air

AS5-8 23 140 0.4137 0.6068 t8 air

AS5-16 23 140 0.4137 0.6068 16 air

AS6-2 20 135 0.5510 0.6206 t2 air

AS6-4 20 135 0.5516 0.6206 t4 air

AS6-8 20 135 0.5516 0.6206 t8 air

AS6-16 20 135 0.5516 0.6206 16 air

17 100 0.4137 0.4482 air

20 130 0.4137 0.4482 air

23 140 0.4137 0.4482 .1ir

25 150 0.4137 0.4482 air

25 145 0.4137 0.4827 air

23 140 0.4137 0.4827 air

20 130 0.4137 0.4827 air
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Table 8 (Coni'd)

Wire
Zinc wvfp* Spray Length

Condition Volts Amps (MPa) (Mpa) (cm) Gas

AS6-16 20 125 0.4137 0.5516 air

(cont'd) 23 145 0.4137 0.5516 air

25 (50 0.4137 0.5516 air

18 10 0.4137 0.5516 air

AS7 25 200 0.5516 0.6206 15 air

AS7-B 25 20) (.5516 0.4137 t5 air

AS8 20 175 G.5516 0.6206 t5 air

AS, B 20 175 0.55 16 0.4137 t5 air

As 25 150 0.4 1V 0.6206 t5 air

AS9-B 25 150 0.4 37 0.4137 t5 'r

AS 1) 25 160 .4137 0.6206 106.7 air

AS 11 25 200 0.5516 0.6206 106.7 air

AS12 25 180 0.4137 0.4137 106.7 air

AS13 18 120 0.4137 0.6206 106.7 air

AS14 25 175 0.5516 0.4137 106.7 air

AS15 25 210 0.55i6 0.6206 45.7 air

N2 -5 180 0.5516 0.4137 106.7 nitrogen

AIR 25 180 0.5516 0.4137 106.7 nitrogen

*Wire feed pressure.

increascs iscosit.) and surface tension; thus, [he droplet size for a given spray pressure will incrc 'se.
hut the droplet temperature will be lowered. Larger droplets will cover a greater area on the substrate
upon impact and thus have a grealer chance of coating a binding site and adhering to the substrate.
The lower droplet temperature implies that solidification may occur more rapidly over a shorter spray
distance, wkith reduced adherence at larger spray distances. The effect of reducing spray pressure is
more pronounced than that of increasing wire feed rate at large spray distances.

,Tpsia lffif icnr5

The deposit efficiency was calculate(] using a value of 25.5 g for the sprayed mass of 106.7 cm
Airc lengths and a value of 7.67 g for the spraycd mass of 46 cm wire lengths. The results are given
in Table 1(1.
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'Fable 9

Deposited Mass (g) for Zinc Coatings
Sprayed Onto Graph Paper

Spray Distanc- (cm)

Zinc
Condition S 30 46 61 76 91

AS3-2 4.00 1.90 1.06 0.- 0.47

AS I-4 8.50 5.66 3. . 6 1.92 i. 34

AS3-8 17.9 9.95 1 43 5.00 2.83

AS3- 16 1. 29.3 15.8 9.85 6.75

AS-1-2 4.15 3.27 1.81 0.90 0.40

AS4-4 ;.&41 5.74 3.65 2.18 1.01

AS4-,, 17.5 12.9 7.19 3.97 2.34

AS4-16 35.4 30.0 18.5 11.6 6.87 3.00

AS5-2 3.22 2.74 1.61 0.74 0.57

AS5-4 7.10 5.52 2.98 1.79 1.04

AS5-8 14.4 10.3 6.48 4.07 1.94 0.98

AS5-16 32.3 20.6 1 ",.5 7.18 3.41 1.84

AS6-2 5.15 4.03 2.20 1.14 0.66

AS6-4 1).8 6.91 3.74 2.70 1.44 0.75

AS6(- 24.6 15.5 10.2 5.49 3.69 2.15

\S6- 16 53.3 3.3.1 24.2 14.4 8.86 5.17

ASIO 14.0, S.95 6.35 4.19 2.39 1.35

AS 1 I 16.6 9.90 6.79 3.96 2.27 1.28

.\S 12 14.9 8 64 6.78 5.26 2.45 2.13

.\S 13 13.5 8.82 3.54 1.53 0.59

AS 14 15.1 9.55 7.45 5.67 4.08 2.96

ASI 5 3.73 2.20 1.55 0.97 0.55

N2 14.8 9.28 8.23 6.77 5.36

.\IR 6.31
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Table 9 (Cont'd)

A B C D E F Avg Sid Dcv

N2(x=46 I 8.01 S.04 8.22 8.54 8.34 8.27 8.24 0.197

AIR(x=46) 6.44 6.09 6.41 6.23 6.40 6.31 0.150

The spraying conditions' effcts on deposition efficiency are summarized below.

1. The deposit efficiency increased with increasing spray time. A possible explanation for this
hinding is that when deposition is just beginning, the substrate surface is relatively smooth such that
it does not have projections onto which incoming droplets can lock and bond themselves to the surface.
As deposition continues, the surface becomes roughened by deposited droplet.i that provide better
bonding sites for the incoming droplets. This explanation suggests that the deposition rate is a function
,Al surface roughlmess. The literature indicates that shotblasting the surface prior to deposition improves
the adhesion ol thenial-sprayed coatings by allowing more mechanical interlocking; the same treatment
should also increase the deposition efficiency. Deposition efficiency should be strongly coupled to
adhesion in the sense that the set of parameters producing a high deposition efficiency also cause the
coating to adhere well to itself and the substrate.

2. Deposition efficiency decreased with increasing spray distance in parallel with the discussion
under Deposited Mass above.

3. Decreasing the arc voltage during spraying tended to decrease the deposition efficiency; see
the discussion under Deposited Mass above.

4. Reducing the spraying pressure increased deposition efficiency at large spraying distances as

described above under Deposited Mass.

5. Similarly, increasing wire Feed rate increased deposition efficiency at short spraying distances
as dcscribed above.

6. [;sing nitrogen as the spraying gas improved the deposit efficiency, especially at larger spray
distanccs (compare N2, AIR, and AS14).

7. Thcre was a significant inlluence of surroundin, temperature and spray gas temperature on the
deposition efficiency. AS I4 was sprayed in late June near midday and N2 anti AIR were sprayed near
mid-November when it was very cold outside. The AIR coatings had a significantly lower deposit
efficiency than the corresponding ASI4 coating. Switching to nitrogen as spray gas compensated for
the loss of deposition efficiency (itie to low temperaturcs--cspecially at longer spray distances.
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Table 10

Deposil Efficiency for Zinc Under Varied Spray Conditions

Spray Distance (cm)

Zinc
Condition 15 30 46 61 76 91

ASlO 0.55 O.3c (2.25 0.17 0.09 0.05

AS I 0.66 0.39 0.27 0.16 0.09 0.05

AS 12 0.59 0.34 0.27 0.21 0.10 (.08

AS I 0.53 0.35 . 4- 0.06 0.02

AS14 0.60 0.38 0.30 023 0.16 0.12

AS15 0.49 0.29 0.20 ,).13 0.07

N2 0.59 0.37 0.13 0.27 0.21

AIR 02

A B C D E F Avg Std Dev

N2(x=46) 0.32 0.32 0.33 0.34 0.33 0.33 0.33 0.008

AIR(x=46) 0.26 0.24 0.25 0.25 0.25 0.25 0.006

Ra,lius ot ('ondw tivity

The ROC was determined for each spray distance. Fable 11 reports the Findings.

The ellect of spraying conditions on ROC had the following trends:

I. The ROC increased with increasing spraying time; this result implies that the ROC is
proportional to the deposited mass, which also increased with increasing spraying time.

2. The ROC increased with increasing arc voltage, an occurrence probably coupled to the
deposition efficiency which was low for a low arc voltage.
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Table 11

Radius of Conductivity (cm) for Zinc

Sprav Distance (cm)

Zinc
Condition 15 30 46 61 76 91

AS2 3.78 5.33 5.79 6.38 3.94 -

AS3-2 3.86 4.39 4.34 3.66 0 -

AS3-4 4.62 5.46 5.77 5.44 3.94 -

AS3-9 5.37 6.12 6.91 7.01 6.35 -

AS3-16 6.30 7.19 7.52 8.08 8.03 -

AS4-2 3.71 5.05 4.95 3.15 0 -

AS4-4 4.45 5.66 6.02 5.66 2.92 -

AS4-8 5.31 6.67 6.83 6.73 5.92 -

AS4-16 5.79 7.29 8.28 8.51 8.05 6.35

AS5-2 3.78 4.70 4.60 3.43 0 -

AS5-4 4.29 5.28 5.59 5.33 3.84 -

AS5-8 4.75 5.66 6.25 6.45 5.46 0

AS5-16 5.77 6.60 7.04 5.46 6.58 5.38

AS6-2 3.84 4.83 5.36 4.88 3.25 -

AS6-4 4.67 5.69 6.17 6.12 5.44 2.34

AS6-8 5.41 6.35 6.93 7.29 7.01 5.92

AS6-16 6.32 7.21 8.03 8.74 8.69 8.23

ASIO 5.28 6.20 6.88 7.06 5.97 3.91

ASH] 5.00 6.68 7.06 6.83 5.94 0

AS12 5.84 7.14 7.37 7.59 5.23 -

AS 13 4.45 5.41 6.02 5.49 0 -

AS14 5.80 6.76 7.57 7.75 7.39 6.55
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Table II (Cont'd)

Sprav Distance (cm)

Zinc
Condition 15 30 46 61 76 91

AS15 4.27 5.11 5.16 4.60 0

N2 7.34 7.4 8.23 8.41 8.31 -

AIR - - 7.24 - -

A B C D E F Avg Std Dcv

N' x=46) 8.23 8.36 8.31 8.15 8.15 8.00 8.23 0.13

AIR("x=46) 7.44 7.14 7.26 6.99 7.37 - 7.24 0.18

3. There was ap optimal spraying distance to maximize the ROC. This optimum represents a
balance between the finite divergence of the spray stream and the decrease in deposit efficiency at large
spray distances. At short spray distances, the deposition efficiency was high but the area covered by
the spray stream was small, so the size of the conductive area formed was small. At large spray
distances, the size of the area covered by the spray stream was large; however, the deposition efficiency
was low and the impingement rate per unit area was small (impingement rate per unit area falls off
roughly as one over distance squared), so the coating is deposited discontinuously over a large area,
resulting in a small ROC. At intermediate spray distances, there is a balance between impingement
rate, deposition efficiency, and area covered by the spray stream to give a maximum conductive area.

4. The optimal spraying distance increased with increasing spraying time.

5. An increase in the mass deposited should increase the size of the conductive area formed since
the dose per unit area will increase.

6. The use of nitrogen as a spray gas was found to increase the size of the conductive area
formcd at all spray distances (compare N2, AIR, and ASI4).

7. There is a temperature effect such that decreasing the temperature of the spray gas and the
surroundings decreased the size of the conductive area formed.

Radius of Opacity

The radius of opacity was determined For zinc at each spray distance. Table 12 presents the
findings.
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Table 12

Radius of Opacity (cm) for Zinc

Spray Distance (cm)

Zinc
Condition 15 30 46 61 76 91

AS6-2 2.90 2.11 2.06 0 0 -

AS6-4 3.45 3.86 2.97 0.56 0 0

AS6-8 3.76 4.65 4.50 2.74 0 0

AS6-16 4.29 5.21 5.31 4.85 2.90 0

AS10 3.38 3.96 3.58 0 0 0

ASh1 3.38 4.04 3.58 0 0 0

AS12 3.66 4.04 3.10 0 0 0

AS13 3.33 3.81 2.24 0 0 0

AS14 3.86 4.14 3.73 1.96 0 0

ASI5 2.87 2.69 0 0 0 0

N2 3.89 3.81 3.45 0 0

AIR - - 3.48 - -

A B C D E F Avg Std Dev

N2(x=46) 3.33 3.33 3.33 3.33 3.66 3.73 3.45 0.19

AIR(x=46) 3.51 3.51 3.58 3.56 3.30 - 3.48 0.11

The effects of spraying condition on radius of opacity are summarized below.

1. The radius of opacity increased with spraying time similar to the ROC.

2. There was an optimal spraying distance to maximize the radius of opacity; the reasoning is
parallel to the situation for the ROC.

3. The optimal spraying distance increased with spraying time.
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4. Reducing the spray pressure and increasing the wire feed rate increased the radius of opacity
at all spraying distances. This result may be coupled to the improved spraying efficiency for these
conditions.

5. Reducing the voltage reduced the radius of opacity at all spraying distances. This finding may
be coupled to the poor deposit efficiency at these conditions.

6. The radius of opacity was always smaller than the radius of conductivity. This condition
implies that the coating always became electrically continuous before it became opaque for the
deposition conditions studied. For EMP/RFI applications, it suggests that an optically dense coating
should provide adequate shielding as long as the coating thickness at the point of opacity is sufficicntly
larger than the skin depth of the frtquency of interest.

7. At large spray distances, there Aere significant conductive areas while the coatings were
completely porous.

8. Coatings sprayed with nitrogen appeared to tave opaque areas similar in size to those sprayed
\:i'h air, however, the nitrogen-sprayed ccatinjs formcd !arger conductive areas. This result implies
ir. oxide formation, which inhibits conductivity between c'articles at low coverage, is reduced by
, a' ing with niti, en.

flpacity Thickness

The opacity thickness was determined for zinc at each spray distance. Fable 13 lists the results.

The opacity thikncss increased with :ncr -:ng spraying distance. This finding supports the idea
that, as spray distance increases, only the larger particles that remain molten when they strike the
substrate will adhere. For a rough approximation, as paticle size increases, the interparticle pore size
increases and thus the coating thickness required to produce an optically dense coating would increase.
There was a significant effect of temperature on the opacity thickness; low temperatures of spraying
gas and surroundings appeared to inhibit the deposition of smaller droplets by promoting freezing
pnor to impact, similar to the longer spray distances. Low temperatures probably also reduced the time
available for droplet relaxation after impact before freezing, which gave rise to a rougher surface and
an artificially higher thickness since the thickness probe rests on the peaks of surface roughness.

Bend Testing

Bend testing was conducted on zinc condition AS14 by spraying onto a smooth, thick aluminum
,hcet (about 0.32 cm). The zinc coating spalled off the smooth surface due to thermal stresses to
,provide freestanding sheets of coating for bend testing. 'Fable 14 presents the results. A strain of 1.4
percent was assumed for the calculated breaking diameter.' The data indicate that the observed radii
of curvature for coating rupture were less than the calculated values. A possible explanation is that
coating thickness is measured from peak to peak of the coating surface roughness and the yielding of
the coating is first accommodated in the thinnest regions of the coating which can be bent to a smaller
radius before exceeding the critical strain for rupture. Before SEM observations were attempted, the

"Mathewson, C. H., Zinc: The Science anti Technology of the Metal, Its Alloys and Compounds
I Reinhold, 1959).
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Table 13

()pacily Thickness (microns) for Ziiic

Sprav Distance (cm)

Zinc
Condition 15 30 46 61 76 91

ASIO 84 99 119

ASI 1 76 107 147

AS12 69 109 150

ASI3 53 91 140

Av(l0-13) 71 102 140

AS14 85 100 123 157

AS 15 44 67 -

N2 124 147 150

AIR - - 132

A B C 1) E F Avg Std Dev

N2(x=46) 153 143 165 160 138 139 150 19

AIR(x=46) 135 132 130 144 118 - 132 13

graph paper and aluminum foil substrates were compared visually to assess the coatings. It was found
that:

1. "Hail damage" type deformation occurred in the aluminum foil substrates in the region
surrounding the coating for samples sprayed at large distances. This result indicates that a major
portion of the coating flux is solidifying before reaching the substrate. Similar damage was not
observed on the graph paper substrates; however, if it did occur, paper would not preserve the evidence
as well as aluminum foil.
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Table 14

Bend Test Results for Zinc (AS14)

Observed Calculated
Zinc Breaking Breaking

Thickness Diameter Diameter
(microns) (cm)* (cm) Opacity

51 It 0.32 0.36 Porous

64 It 0.32 0.46 Porous

74 it 0.32 0.53 Porous

76 It 0.32 0.53 Porous

91 0.48 0.64 Opaque

122 0.48 0.86 Opaque

127 0.32 0.89 Opaque

137 0.32 0.97 Opaque

173 0.32 1.22 Opaque

178 0.48 1.24 Opaque

203 0.64 1.42 Opaque

?2 '.) 0.64 1.60 Opaque

445 gt 2.5 3.12 Opaque

533 gt 1 3.73 Opaque

It = less than; gt - greater than.

2. Delamination from the aluminum foil at large spray distances occurred in a roughly circular
pattern around the spray center. The degree of partial delaminalion of individual particles was observed
to be greater in directions away from the spray center than toward the center. A possible explanation
for this finding is th;" as the particles approached the substrate surface, they were given a component
of outward velocit" '.y the air stream escaping from the slray center (refer to Figure 1). Tile outward
motion would cause the droplets to flatten into an egg shape at impact on a flat, smooth surface. The
more pointed end of the shape would be outward and the point of initial impact neat the wider end
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would be better bonded to the substrate. Another explanation for this observation in terms of the radial
air stream across the surface is that if the deposited particles are sufficiently delaminated in the
direction toward the spray center, the outward moving air stream can extend under the edge enough
to cause complete delamination from the substrate, whereas the outwardly lifted edges would not be
subject to this kind of stripping action.

3. The massive central region of the coatings sprayed at 15 cm almost completely delaminated
from the substrate except at the very center, where the aluminum foil melted and the zinc penetrated
it.

4. Coatings sprayed with nitrogen as the spray gas appeared slightly shinier than those sprayed
with air, implying that perhaps the droplet surfaces oxidized less during flight. This explanation seems
reasonable since thick, undeformable oxide skins are known to inhibit particle adhesion and the
deposition efficiency of the nitrogen-sprayed coating (N2) was higher than that of the equivalent air-
sprayed coating (AIR).

SEM Observations

Examination by SEM indicated that the coating structure was highly dependent on the spray
distance and the distance from the spray center. The SEM micrographs were interpreted as described
below.

Figure 2 is an SEM image of a typical zinc coating arc-sprayed at a distance of 15 cm. The
structures observed mimic to some extent the processes giving rise to the structures observed in vacuum
deposited coatings. The center region (A) is relatively smooth, indicating coating motion or flow
after deposition. The region surrounding this area (B) shows a columnar type structure that indicates
limited postdeposition motion and a tendency for shadowing effects.

Figure 3 is a highly magnified image of region A in Figure 2. In Figure 3a, the extensive
presence of shrinkage marks similar to those observed in castings indicates that the droplets cooled and
solidified well after impinging onto the surface. In Figure 3b, the crater-like features could possibly
arise from the impact of the impinging particles or the escape of trapped gas bubbles. They may also
be partly due to shadowing effects that were not completely smoothed out by droplet motion after
impact. Or, they may be a result of the impinging air stream on the molten surface after deposition
had ended.

Figure 4 is a highly magnified view of region B in Figure 2. Large intercolumnar voids are
visible. The slight tapering of the columns (perhaps more visible in Figure 2) indicates some
component of deposition flux in a direction radially outward from the spray center. Active self-
shadowing mechanisms are present in both the radial direction from the spray center and the substrate
normal direction. Note that the microscopic surface features in Figure 4 are smoother than those
observed in Figure 3b.

Figure 5 is a high-magnification view of the column in Figure 4. There is an absence of
shrinkage marks in this region, indicating that the cooling mode for the drops impacting the columns
was different than that of drops impacting the spray center. Cooling in this region was probably
similar to splat cooling coupled with spreading of the deposited droplets by the air blast. Note the
relatively smooth surface (microscopic) compared with Figure 3a.
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Figure 2. SEM micrograph of zinc arc-sprayed at a distance of 15 cm. The structure ,aries
radially outward from the spray center.

Figure 6 is . higher magnification view of region C in Figure 2. Note that the features in this
region are finer than those observed in both Figures 3b and 4. The cooling mode in this region
appears to be similar to that observed in region B of Figure 2. The deposition flux in this area is
lower than in regions closer to the spray center; the influence of the radial substrate air stream would
also be greater in this region as suggested in Figure 1.

Figure 7 is a more magnified view of Figure 6 showing the small, smooth regions for comparison
to Figure 5. If the smooth regions arise from the spreading of droplets by the air blast after impact,
then it seems reasonable that the smooth areas would be smaller farther away from the spray center
since the substrate normal component of the air blast would decrease with radial distance from the
spray center. Particles moving in a path away from the spray center would also be traveling slower
before impact since the force acting to accelerate them is less than that for a particle traveling to the
spray center.

Figure 8 is a highly magnified view of a region even farther from the spray center (approximately
at location D on Figure 2). At this region, a further increase in surface roughness is observed.
Droplet shape is approximately like that of a red blood cell which has been deformed to conform to
the shape of the local substrate roughness. If deposited on a smooth surface, tie droplets would be
roughly egg-shaped in the substrate normal projection and thinner between the edges and middle than
at those positions as shown in Figure 9. The shape arises from the combined e, ects of the droplet
trajectory being nonnormal to the substrate, the radial air stream present at the substrate surface, and
the tendency for the highest quench rate to be at the initial point of impact. Shrinkage marks are
visible in the edge regions of some of the individual droplets, indicating that solidification in these
regions occurs relatively slowly after impact.
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F'igure 5. IlililN miagnif'ied view of' arc-sprayed zinc (the columin in Figure 4).
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Figuire 7. Highly magnified image of arc-spraedl zinc (relor in~o Figure ).



Figure 8. High magnification of' arc-sprayed zinc (region D in Figure 2).
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F igure 9. Deposit droplet shape.

54



Figure IlM is a ,reatlv magnified imae of the [xttom surface of the coating away from he sprav.
center showing the nonadherent interface. Tie coating in this region is not lullyv dense as evidenced
b\ the roughne.s present. The coating here spalled ofT of the substrate due to thermal stresses and
incomplete bonding. Bonding in this region ,xas largely by mechanical interlocking between the
drplets :hemselves and the sibstrate .tince the SLostrate was so smooth, it did not provide adequate
iuterlocking Ioea',ions to withstand the thermal stresses generated when the coating cooled.

Figcure II is a highl\ magnified \ iew of the coating's bottom surface at a location adjacent to the
spra. center showing the transition from an open coating structure to a nearly fully dense structure.
The aluminum foil that could not be delaminated from the coating is visible in the upper left-hand
portion of the picture. Reglon A is the porous structure similar to that observed in Figure 10. Region
B is a more dense structure, indicating complete or nearly complete coalescence bevtwcen individual
droplets after impact. Region C represents the transition between regions A and 13. Region D is the
beginning of a region of fusion between the coating and substrate. Farther toward the spra center is
a region where the substrate was melted through at points and then a region where complete melting
through of the substrate occurred, adjoining an area where the coating material penetrated through the
molten substrate.

Figure 12 shoAs a cluster of deposited droplets at a large distance from the spray center for a
spraying distance of 15 cm. i nere is evidence that the substrate topography has been reproduced in
tile central regions of individual droplets. Shrinkage marks are more evident at tile thick outer regions
of the droplets than in the thinner central regions, indicating slower cooling at the outer edges. The
good conformation of droplets to existing substrate topography supports the idea that bonding occurs
alnjst eptircly by mechanical interlocking.

I'igure 1 0. SE.\I nicr(graph showing interfacial surface of arc-sprayed zinc after delamination
from aluminum foil substr-Ite.
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Figure 11. SEM micrograph showing bottom surface of arc-sprayed zinc coating adjacent to
spray center. The boundary between good and poor bonding to aluminum foil
substrate is visible.
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Figure 12. SEM micrograph of arc-sprayed zinc droplets deposited far from the spray center
showing reproduction of substrate topography.
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Figure 13 is a highly magnified view of two droplets at a large distance from the spray center.
Again, the coating's conformation to the existing substrate topography is seen.

Figure 14 shows a fracture surface at a distance of about 1.91 cm from the spray center for a
spraying distance of about 15 cm. The coating at this location is reasonably dense and there is some
correlation between the features of the fracture surface and the substrate plane.

Figure 15 is a more highly magnified view of the same region shown in Figure 14. Ductile
tearing-type fracture is evident, indicating good adhesion between individual coating particles.

Figure 16 is a high-magnification view of a fracture at a distance somewhat greater than 2.54 cm
from the spray center. At this site, ductile tearing is not as evident and there is a tendency for failure
due to delamination between individual particles. The cohesive strength of material in this region is
clearly inferior to that of the region shown in Figure 15. Material deposited on top of this coating by
multiple passes could not be expected to adhere very well to the substrate due to this weakly bonded
layer.

Figure 17 is a highly magnified view of a region away from the spray center for a spray distance
of 61 cm. Hail-type damage to the substrate in the area surrounding the particle is evident. The
average particle size observed at this spray distance is larger than that for a spray distance of 15 cm;
this finding is probably due to cooling and solidification of smaller droplets before impact, preventing
them from sticking to the substrate. This condition is also suggested by the granular features present
in the center of the droplet which were not visible at a spray distance of 15 cm. Also, there are no
shrinkage marks, indicating that the zinc solidified very rapidly after impact.

Figure 13. SEM micrograph ofr arc-sprayed zinc droplets showing shrinkage and conformation
to substrate topography.
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Figure 16. SEM micrograph of arc-sprayed zinc approximately 2.54 cm from the spray center
for a spray distance of 15 cm.
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Figure 17. SEM micrograph of arc-sprayed zinc away from the spray center at a spraying
distance of 61 cm.
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Figure 18 shows a region similar to that in Figure 17 Ior a spray distance of 15 cm. Note the
lare number of smaller particles, indicating the droplets' nonuniform cooling rate.

Figure 19 is a micrograph of a droplet similar to those in Figure 17 at higher magnification and
a spray distance of 61 cm. Note again the granular structure near the droplet center and the absence
of shriikagec marks.

Figure 20 is a more highly magnified view of Figure 19. This image shows a large number of

granular features.

Wire fJ'cd Rate

Wire feed rate was measured for the zinc. Table 15 lists the results.

.Maxim urm Droplet Temperature Cal(wation

The maximum possible droplet temperature was calculated by assuming that all the power in the
arc is used to heat the metal and that no oxidation reactions occur. For the typical zinc spraying
parameters of 25 V, 175 amps, and 0.5516 MPa wire feed pressure (about 43.7 total cm/sec), about
11.083 kcal of heat are available for each mole of material being sprayed. It takes 2.581 kcal to heat
I mole of zinc from room temperature to its melting point and 1.595 kcal to melt I mole of zinc at
0c93 K, Another 3.655 kcal are required to heat the mole of molten zinc to its 1180 K boiling point.
So lar, this process has used 7.831 kcal of the available energy; the rest is used to create vapor, which
takes 27.43 kcal/mole of vapor at 1180 K, resulting in 0.12 moles of vapor and 0.88 moles of liquid
at 1180 K.

Figure 18. SEM micrograph of arc-sprayed zinc at a spray distance of 15 cm for a region similar
to that in Figure 17. Many smaller particles are present.
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Figure 19. SEMI micrograph of' arc-sprayed zinc at a spraying distance of' 61 cmn (similar to
region in Figure 17, showing greater detail).

Figure 20. D~etail of' droplet in Figure 19 at higher magnification.
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Table 15

Wire Feed Rate for Zinc*

Nfp (MPa) Left (mi) Right (m) flose** avecnmis tavecni/s

0.6206 5.31 5.33 b 17.74 35.46

0.6206 6.26 6.27 s 20.89 41.81

0.5516 5.17 5.18 b 17.24 34.49

0.5516 5.82 5.84 s 19.43 38.86

0.4827 4.75 4.75 b 15.83 31.65

0.4827 5.40 5.40 s 17.99 35.97

0.4137 4.18 4.19 b 13.95 27.89

0.4137 4.89 4.89 s 16.30 32.61

0.3448 3.58 3.59 b 11.96 23.93

0.3448 4.24 4.24 s 14.14 28.30

0.2758 2.84 2.87 b 9.53 19.05

0.2758 3.58 3.58 s 11.94 23.88

0.2069 2.06 2.07 b 6.88 13.77

0.2069 2.71 2.71 s 9.02 18.03

0.1379 1.00 1.00 b 3.34 6.71

0.1379 1.68 1.68 s 5.59 11.18

0.1034 O ? 053 h 1.76 3.51

0.1034 1.14 1.14 s 3.81 7.62

0.0690 0.05 0.05 b 0.17 0.36

0.0690 0.41 0.41 s 1.38 2.74

*wfp = wire fccd pressure; avecm/s = average cm/sec for each wire;

tavecm/s = total average cm/sec of wire consumed during spraying.
**b = bent; s = straight.
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Mavnium Stable Droplet Size Calculation

The maximum stable droplet size for zinc was calculated for several spray pressures by assuming
a surface tension value of 760 dynes/cm. At 0.1034 MPa, r was 1.47 x 10' cm. At 0.4137 MPa, r
was 3.67 x 10' cm. and at 0.6206 MPa, r was 2.45 x 10' cm. The value for surface tension was
takca from the CRC Handhook qf Chemistry and Physics.

('onsumption Calculations

The energy consumption was calculated to be about 5.06 kJ/cm3 (1.41 W-hr/cm3). The material
cost $4.74/kg, or about $0.(448/cm'. The nitrogen cost $18 for a 8.5 mI cylinder. The discharge rate
was estimated to be about 0.425 m3'iin which can be converted to a nitrogen cost of $0.0173/cm3

of zinc sprayed.
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4 SUMMARY OF FINDINGS

Deposition Parameters

Ii-eposition parameters for all materials spraycd were found to be within the power level allowable
for 100 percent duty cycle of the sprayer. Materials with lower melting points were favored for higher
wire feed rates. To cover large areas rapidly for EMP and RFI shielding, it is desirable to be able to
spray the material at as high a rate as possible without causing substrate degradation. Based on these
tests, the most suitable materials in terms of melting point are tin, zinc, and aluminum. However,
aluminum sprayed with air was observed to oxidize exothermically, burning the paper substrates.

Deposited Mass

The mass deposited on graph raper was mcasurable only for aluminum brontc, copper, iron. tin,
and zinc. The other materials sprayed (alumipurn, 13 percent chrome steel, nickcl, and nickel-chvme)
all burned through the substrate without significant dcposition. In general, the deposited mass decreased
as the spray distance increased. (The discussion of dco,.ited mass in the zinc section of Chapter 3
generally applies to all the materials sprayed.)

Deposit Efficiency

The deposition efficiency was determined for all matenals that had a measurable deposited mass.
The maximum deposition efficiency observed was 0.66 for zinc sprayed at 15 cm in condition ASI.
Spraying at 15 cm resulted in charring of the substrate by a'! materials and conditions tested.
Introducing relative motion between the source and substrate .could perhaps reduce or eliminate this
problem in many cases. Substrate charring was miniral for zinc spray at a distance of 30 cm or more.
At a spray distance of 46 cm, most of the conditions used to test zinc (except AS13) gave higher
deposit efficiencies than for any other materials. Low temperature (below 5 °C) during spraying
appears to inhibit the deposition efficiency. The low temperature probably causes a larger number of
the droplets to solidify prior to impact with the substrate than is the case for higher temperatures. In
addition, lower substrate temperature increases the ouench rate of the droplets and thus creates a larger
thermal stress that must be accommodated to prevent droplet delamination from the substrate.

Low-power spraying conditions (AS13) that reduced droplet superheating tended to produce lower
deposition efficiencies, especially at large spray distances. High-pressure spray conditions that promote
finer droplet sizes generally reduced the deposition efficiency at large spray distances due to more rapid
cooling of the smaller particles (enhanced surface area-to-volume ratio) and reduced droplet superheating
'it the source. Using nitrogen as a spray gas enhanced deposition efficiency, especially at larger spray
distances where the formation of an oxide skin on the droplets would act to inhibit particle adhesion
to the substrate. It can be expected that using nitrogen or another inert spray gas would improve the
deposition efficiency of the other materials sprayed, as well.

In general, deposition efficiency is increased by: (1) high wire-fe,'d rates; (2) reduced spraying
pressure; ,3) use of an inert spraying gas: (4) elevated erivironmenta. temperature during spraying
(substrate, spray gas, atmosphere, and wire temperatures); (5) increased substrate surface roughness;
(6) reduced spraying distance; (7) increased spraying time, and (8) increased spraying power as related
to droplet superheating. Note: the conditions that promote deposition efficiency may also cause
unwanted substrate degradation due to excessive thermal inpul.
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Radius of Conductivity

The ROC Ior all matcrials measu rcd was Iound to in, rcasc iti in creasing spray distance to some

maXimumt.l11 point, alter khich it dccrcased. [or most of thc matcrials, the optimal spray distance to

maximize ROC when spraying 107 cm lengths of wire was about 46 cm. For tin, this distance was
about 30 cm. Maximal conductive areas were attained bN sprayin,, zinc with conditions that enhanced
deposition efficiency at large spray distances. When relative motion is introduced between the source
and substrate, the optimal distance will be less to account for the motion; however, the other optimal

conditions should remain similar. Sh.flting the spray strCam for nonnormal incidence would also

increase conductive area per unit of metal sprayed: thi, increase, licekcvcr, would be at the expense of
coating adhesion.

Radius of OpacitY

"t-hc radius of o 0poi t for ;0 coaiin~s praN(Yd was al .k i\'.a i,,i!icr than the radius of conductivit.
This i-nding implies th., it the is thiCk enioLIgh to bc freC of J)inhole por)osity it will form a

contmiuous conductive path. For thc condii tnm i-cd in t i, vuik, tie peak in size of the opaque area

S.a ,,>r\ed to occur at a spray distance Mt about 30 cm (oniitions that increase opaque area (aside
ro, seta,? dist;mnce) appcar to be the same ais ihos- 1h , promote deposition efficiency. Details

di,,u:,s,d 'n the zinc section of Chapter 3 can be CKe,:ndd te all of the colatings tested.

Opacil, I hickne.,,,

Opaciz: thickness was iound to increase with increasing spra" distance for all materials sprayed.
[E":, i t,,ui can be exptliincd mn terms of the adhLrne particle size as discussed lor zinc in Chapter 3.

Bend Testing

Benu testing indicated that thicker coatings are less tolerant to bending than thin coatings.

SEM;,i Observations

AI c,:atings observed sho\ed a variation in structure from the spray center to the edge of !he
coating such that material near die center appeared to be denser and have a higher cohesive strength
tha!n thit near tie edges. This variation in structure could cause adhesive and cohesive failure of the
coaiing--even if the coating is further built up by spray passes--since the weakest layer is at the bottom
and is expected to hold the other layers to the substrate. Spraying at larger distances appeared to
promoltc the formation of a low colihesive-strength coating away from the spray center.

1 here v, as a tendency for the adhering droplet size to increase with increasing spray distance.
I ti finding was apparenlly duc to cooling of smaller droplets prior to impact at larger spray distamces.
ligher melting point materials melted the aluminum foil at many locations away from the spray center:

in contrast, zinc coatings produced localized melting of the foil only very near the spray center.

A "halo" like structure wkhich appeared to be localized oxidation of the substrate in the region
,urrounding droplet impact was observed. Since adhesion is known to be inhibited by the presence
oM surface oxides, this observation implies that adhesion could be improved if the deposition rate were
incrcsed such that other droplets are deposited in the same region before the oxide grows to a
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thickness at which it cannot be disrupted by an impacting droplet. This observation also implies
thatoxidaion of material already deposited is further enhanced by the deposition of another particle.

Wire Feed Rate Measurements

All materials showed an increase in wire feed rate with wire feed pressure. Also, for all materials,
the wire feed rate was sensitive to bending of the wire feed tubes (radius of curvature); the percentage
change due to bending was enhanced at lower wire feed pressures. At high wire feed pressures, there
was some tendency for the pressure to drift due to fluctuations in the building air supply pressure.
Optimally, all materials should be sprayed at as high a rate as possible with appropriate relative motion
between the sprayer and the substrate to minimize the time required to coat a surface. In the case of
copper, these conditions were not possible due to the high thermal conductivity and melting point of
the material which required more power than the sprayer unit could supply. All materials sprayed
except tin gave very few problems with wire feeding. In most cases, a wire's failure to feed properl)
occurred when the contact tips became worn and an arc between the tip and the wire caused the wire
to fuse with the tip, allowing wire to pile up behind that point. In the case of the tin wire, tensile
failure occurred due to friction with the wire feed tubes when they were in a bent position.

Maximum Droplet Temperature Calculation

The maximum possible temperature using only the power of the arc was above the melting point
of all materials sprayed except that of the low-carbon steel, which must have undergone exothcrrnic
oxidation to provide the balance of the heat required for spraying. Curiously, the temperature
calculated for zinc (1180 K) was above that of tin (859 K), which implies that spraying tin, with its
lower melting point (505 K), should be less destructive to organic substrates than spraying zinc with
it higher melting point (693 K). Observations of coatings sprayed onto graph paper substrate indicated
that this was not the case. in actuality, spraying zinc coatings onto the graph paper resulted in less
charring of the paper than spraying tin. A possible explanation for this result is in the vapor pressure
data (Table 16), where it can be seen that the vapor pressure of zinc is several orders of magnitude
higher than any of the other materials sprayed at any given temperature. The data imply that
evaporative cooling of the zinc occurs to a greater extent than for any of the other materials sprayed.

Possible advantages of zinc's high vapor pressure include:

1. A lower droplet temperature will reduce both burning of organic substrates and thermal shock
to inorganic substrates, which will improve the mechanical interlocking component of adhesion since
the residual stress due to thermal expansion mismatch will be reduced.

2. The vapor may act as a protective shroud around the molten droplet. This shroud may inhibit
oxide film formation (which is known to inhibit adhesion) on the droplet surface by the surrounding
atmosphere. This possibility is supported by the observation that the deposition efficiency of zinc is
higher than that of all the other materials sprayed.

3. Oxidation of the emitted vapor may locally deplete the surrounding gas of oxygen, in addition
to acting as a physical barrier to bombardment of the droplet surface by oxygen in the air. Complete
occlusion of atmospheric oxygen was not achieved since a further increase in deposition efficiency was
observed for exclusion of atmospheric oxygen by spraying with nitrogen.

4. Zinc oxide is known to be a good absorber of UV radiation. The oxidized vapor formed may
act to absorb a portion of the UV light emitted from the arc, thus reducing the hazard to the operator.
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Table 16

Temperature (K) at )itferent Vapor Pressures

\apor Pressure (mm iHg)

Element lxl0 -, lxl0 °  1xl0" 1 10 100 400 760 1520 7600

Aluminum 950 1094 1283 181.' 1053 2353 2593 2740 2883 3323

Copper -- -- -- 2143 2463 2713 2873 3 013 3733

Iron I131 1271 14 )53 231 2643 2893 3('2) 3 173 3(33

Nickel 1200 13-15 1535 2073 2 On} 26-4" 2893 3003 3 1-53 353

IIn 955 1080 1270 18, 21 6? 2543 285; 3023; 3223 313

Zmr, 400 45) 52.; ) ,i 1003 1113 I'8 1243 1453

A nossible disadvantage of the high vape, r pressure is that the more rapid evaporative cooling may
cause particles to solidify at a rapid enough rate to inhibit particle adhesion at larger spray distances.
T1;c deposition efficienc) data indicate that inhibition of deposition efficiency by oxide film formation
is probably more significant than that for cooling at large spray distances since (1) the deposition
efficiency for zinc was higher than fIr all other maturials and (2) using nitrogen as a spray gas
improved this efficiency further.

Maximum Stable Droplet Size Calculation

The radii of the calculated maxinmm droplet size based on surface tension were all within about
an order of magnitude of each other fbr all materials at any given pressure.

Consumption Calculations

Table 17 lists results of the consumption calculations. From the table, it is clear that the material
c:ot vari,,d greatly among the wires and that the energy consumed was a very smwll part of the cost
assuming SO. 0/kWh or $O.O(JO)/W-hr). The data indicate that, for spraying at 46 cm (where the size

of the conductive area formed is maximal), zinc is the lowest cost material to spray, even when using
nitrogen as a spraying gas. Use of nitrogen when spraying zinc at 46 cm raised the cost 5 percent and
gave a 32 percent increase in deposition efficiency.
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Table 17

Material Consumption and Cost

Deposition
Energy Material Efficiency Sprayed Metal

Wire (WV-hr/cm') ($!cm 3 ) (DEatx=46 cm) ($/cm 3)

Al 1.97 0.0146 0.00 ---

Al bronze 8.64 0.0910 0.08 1.1375

Cu 6.91 0.0561 0.11 0.5100

LC steel 2.23 0.0313 0.00 ---

Cr steel 2.33 0.0615 0.00 ---

Ni 3.11 0.2149 0.00 ---

NiCr 3.19 0.1705 0.00 ---

Sn 0.41 0.2368 0.19 1.2463

Zn(air) 1.41 0.0448 0.25 0.1792

N2(Zn) -- 0.0173

N2+Zn 1.41 0.0621 0.33 0.1882
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5 ('(NCI.1SION'S AND) RECO(MMEND)ATIONS

This stud ' 11. S evaIluatd thle phtvsiAl and electrical properties of nine mietals that A crc arc-sprayed
onto dii Icrent \uhstlatcs to deterni ine the optimial conditions for spraying to effect EMiP shielding, and
ilitary strucllnc, iThc ent have shown that:

1.The di ~ ribha ion of depos it V coat agsc Ure varies radiallyV outward fromn the spray' center;
this outcOmeC has si pn he :aa effects on the mechanical and electrical properties of the coating.

> ihe dlos'imio;l i"i~r a -lloLm r k 'ictionl of1 Irsrain distanice and a weaker functionl
ot the other spfa\ er Owra~ > uesi2mie ire teed' rte' and voliage tends to increase: clficicnev
ait all spra-y distaacs and( redcin h sp ay pessa re prormoes ci ciency at lager spray: distances.

3 ihe(re is an' "ptinll: in dlskill(c tW mnano c h)i: t i ci e Iand 0pj~jUC
regian, foruM This dIstaaee incrcaes %vt1 ik 7Vag spray. imnd is maximnum for conutitiois w-t)

\o Ne of te Il, aia!t rial !1 OIle d"poIt ' ; o1 T-Acsive and adhecsive strength: there is a
i:NT ior &utiidpk ~itd aw'y ireti Lii: spry ieV o he, inferidor to that dePOsited ncit- th,,

VO~'.~eo : Matril c,~si, d a uol oi hcsc cau:prohahix \o w!o hawe good adhclsi\

incd~ riatotin p-t K Ic and I=r wacs in hL comtings vanecs with spray distark e and
di stacIFI r tile spray LWctOr thi In sugdn tha one viavt nd of epoxy for adhc':on

vill not he iidcinate sinice thereI d he oarf penetration of the coatine-s.

m.The deos io fficienieN is a tuncmion at sp niying tie M\ich also indicates that the
!Cpo(\lin l~e c i" a lr0:lg un1ctionl Of uhrteSulrftiec roughiness.

7. tLs- ef nitiogcn a,~ a srvmegas acreask thv d(fepoition e Weicor and the size of the
e'fld'ictix'e aireas formecd.

n- ant eftelin'on tumineoatirig
p rature ol the suwu .ig drn pyng has a si grilfican, feto h otn

e nos a h t cr erfrmanc is adchivd Awlmn spravng, onl warm days Lhan onl cold days.

ZinOc was I ounm in c-iV yeth bs overall peririmiance anid cost-c ffectivenicss.

k recoimcn~ied th at t liese liad ir!s b' 11S~d i direct faLrt her rese arch into optimal sprayi ii
01; litioits. Tiis resea.rch wkould he: hinitel to /inc, Ahich appears to have a hieh potential for succes

FMPl \hejme Spccfl iea"llv:

1, nok shlou d heCCi1lutdw tod(etrrnic thflictcs ofurmotion pairamniers (traverse speed. spray
't~il2. ut~pa-~distarice oi ili tepropertis of /ine coMtnts.

2. A aelnis to viultrol relativec motio n between the spray gait amid the substrate should be
,'Ilonwwtd or purchased. Aering i unndth dCHIiC C ~ ,'i~~ \ith HUCIL,,i,, n in wi~re e(

raic due, t' llie \ure of' thle k.ire tee~d tihcs. it is recommended that th.me device move the substrate:



relative to the spray gun. In using a robot to spray a room, flexure of the wire feed tubes will be
unavoidable so that another control must be developed to accommodate this condition.

3. It is suggested that a detailed study be conducted to determine the influence of the more
loosely bonded material away from the spray center on the adherence of material deposited by tie next
successive traverse.

4. Further vork should be lone to evaluate the effects of using an inert spraying gas in
conjunction with controlled relative motion between the sprayer and substrate.
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APIENDIX:

VARIOUS DEPOSITION PARAMETERS IDENTIFIED FOR TIlE STUDY

The following parameters were 'evaluated for potential impact on the materials under study:

Arc voltage
Arc Current
Wire feed rate
Wire feed pressure
Spray pressure
Spray nozzle geometry
Spray gas composition
Ambient gas composition
Ainbient gas temperature
Spray gas temperature
Fume emissionS
Ultra,.iolet (UV) light emissions
Char:i.:tcrisiic light ci issions from arc (wa%, ienth ill depend on arc composition;

intensities 'vill be proportional to retltivc am~ounts oi the various ionized gaseY,
Shroud geometry (use of side jets to produce more directed spray)
Substrate materia".m. melting point, decomposition iempcra'ure,

thermal expansion coefficicn;s, vapor pressure, elastic constants)
Substrate geometry (e.g., thickness, thermal conductivity, surface preparation)
Coating material c.g., melting point, thermal expansion coefficients, vapor pressure, boiling
poini, oxidation kinetics, elastic constants \i cosity as met, surface tension as melt)
Machine peculiarities (e.g., maximum po'..cr, inductance)
Nugget cooling rate
Exten: of coating oxidation
Wire geometry (cross section--circitlar, rectangular)
Spray distance
Inte pass distance
Inicrpass time
Distanmc from -pray center
Spr aying timc
Liastic con.stan's of wire as related to friction in feed tubes
Friction in teed tubes varied as a result of bending during spraying
Material constants of oxide formied during spraying (e.g., mclting point, hardness, elastic

properties, softcning point, fracture strength, toughness, adherence)
Anigle of incidence of particles with rcspect to substrate surlkftce
How rate of spraying gas
Dewpcint of ambient atmosphere
Subsratc temperature
Spraying gas temperature
Power supply (AC, DC, peaks and valleys: Is the arc extinguished between cycles' )

Substrate heat capacity
Substrate/coating interfacial reactions
Coating porosity
Coating thickness
Deposition rate
Deposition efficiency
Coating electrical and magnetic properties
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Coating microstructure
Coating adherence
Coating coherence
Coa t Ing corrosion properties
(Coating mechanical properties (egductility. fracture strength, elongation at failure)
D)eposit thickness distribution (varies with sprayer geomyetry, nozzle shape, spray pressure, spray

time, material sprayed, spray distance, and other factors)
Relative nobility of' coating and substrate (will galvanic corrosion occur?)
Coating reflectance
Deposit cooling ratc
NMa\imumn temperature during depositin
Degree of' superheating of' droplets before leaving the arc
Temperature of droplets on impact with substrate
Siz~e distribution of particles on imnpa,,t with substrate
Ed-, [feet s when spraying in corners
IDelainination properties (will a locali;Q-d delamination promnote further tlelamniiation du,- io strc :<

ef-fects or will it terminate localy?)
U V reflectance of the coating (as an operator hazard during spraying)
L *V reflectance and absorption of' ,he fume. cloud during spraying
Wear tand buildup in the wire feed tins v.hi' niodi[f' tihe effective resistance to w~re ~c
M'etal (lust buidup betveen the wire feed tubes which leads to the formation of a conk lt:

path (short) betweenI the electrodes
Arc sharpe
lmpuLri ties in the arc ga,,
Peak arc temperature
Contact tube-to-are distiance and the effects of "spool drag" as wire is consumed.
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